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Physical, Chemical, and Biological Characteristics 
of Pueblo Reservoir, Colorado, 1985-89

By Michael E. Lewis ancfPatrlck Edelmann

Abstract

Physical, chemical, and biological charac­ 
teristics of Pueblo Reservoir are described on the 
basis of data collected from spring 1985 through 
fall 1989. Also included are discussions of water 
quality of the upper Arkansas River Basin and the 
reservoir as they relate to reservoir operations. 
Pueblo Reservoir is a multipurpose, main-stem 
reservoir on the Arkansas River about 6 miles west 
of Pueblo, Colorado. At the top of its conservation 
pool, the reservoir is more than 9 miles long and 
ranges in depth from a few feet at the inflow to 
about 155 feet at the dam. Pueblo Reservoir 
derives most of its contents from the Arkansas 
River, which comprises native and transmountain 
flow.

With respect to water temperature, the reser­ 
voir typically was well mixed to weakly stratified 
during the early spring and gradually became 
strongly stratified by May. The strong thermal 
stratification and underflow of the Arkansas River 
generally persisted into August, at which time the 
reservoir surface began to cool and the reservoir 
subsequently underwent fall turnover. Following 
fall turnover, the reservoir was stratified to some 
degree in the shallow upstream part and well 
mixed in the deeper middle and downstream parts. 
Reservoir residence times were affected by the 
extent of stratification present. When the reservoir 
was well mixed, residence times were as long as 
several months. During the summer when the res­ 
ervoir was strongly stratified, reservoir releases 
were large, and when underflow was the prevalent 
flow pattern of the Arkansas River, reservoir resi­ 
dence times were as short as 30 days.

Most particulate matter settled from the 
water column between the inflow and a distance of 
about 5 miles downstream. On occasions of large 
streamflows and sediment loads from the Arkan­ 
sas River, particulate matter was transported com­

pletely through the reservoir. Water transparency, 
as measured with a Secchi disk, increased in a 
downstream direction from the reservoir inflow. 
The increase probably was a result of sediment set­ 
tling from the water column in the upstream part of 
the reservoir. Secchi-disk depths in December 
through April were larger than those in May 
through November. Secchi-disk depths were 
small between May through August as inflow sed­ 
iment loads and reservoir biomass increased. In 
the fall, Secchi-disk depths remained small possi­ 
bly as the result of resuspension of sediment and 
detritus within the water column.

Dissolved-oxygen concentrations generally 
were near supersaturation near the reservoir sur­ 
face. Dissolved-oxygen concentrations decreased 
with increasing depth. On several occasions dur­ 
ing the summer, dissolved oxygen became com­ 
pletely depleted in the hypolimnion of the 
downstream part of the reservoir. The most exten­ 
sive period of anoxia that was measured was in 
August 1988; the bottom 12 to 30 feet of the down­ 
stream end of the reservoir was anoxic. Fall turn­ 
over typically resulted in well-oxygenated 
conditions throughout the water column from 
September or October through the spring. Values 
of pH ranged from 7.5 to 9.0 and typically were 
largest near the surface and decreased with depth.

Dissolved-solids concentrations in the res­ 
ervoir primarily are affected by dissolved solids in 
the inflow from the Arkansas River. Concentra­ 
tions are largest during periods of decreased 
streamflows, September through April, and 
decrease with increasing streamflows in May 
through August. The median dissolved-solids 
concentration increased from 224 milligrams per 
liter at the inflow to 262 milligrams per liter at the 
outflow. However, a statistical analysis of dis­ 
solved solids indicated the apparent increase in 
dissolved-solids concentrations between the 
inflow and outflow was not significant. Calcium,
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sulfate, and bicarbonate are the major dissolved 
ions in Pueblo Reservoir.

Concentrations of the major nutrients, nitro­ 
gen and phosphorus, varied within the reservoir 
because of settling of particulate matter, uptake by 
phytoplankton near the reservoir surface, and 
releases from the reservoir bottom sediments. 
Phosphorus was indicated to be a potentially 
growth-limiting nutrient in the reservoir because 
of its relatively small concentrations. During 1986 
and 1987, the reservoir retained about 35 percent 
(359 tons) of the total nitrogen load and about 
83 percent (203 tons) of the total phosphorus load. 
Settling of particulate matter from the water col­ 
umn and uptake by phytoplankton are the major 
nutrient sinks in the reservoir.

Barium, iron, manganese, and zinc were the 
major trace elements in Pueblo Reservoir. Trace- 
element concentrations in the reservoir varied 
because of seasonality of trace-element concentra­ 
tions in the Arkansas River, settling of particulate 
matter, and flux of trace elements from the bottom 
sediments. The aquatic-life standard in Pueblo 
Reservoir for total-recoverable iron (1,000 micro- 
grams per liter) and the public water-supply stan­ 
dard for dissolved manganese (50 micrograms per 
liter) were exceeded on several occasions during 
the summer. Elevated concentrations of total- 
recoverable iron and dissolved manganese in the 
Arkansas River during summer runoff contributed 
to exceedances in the upper part of the reservoir. 
Flux of manganese from the reservoir bottom 
sediments during periods of low or depleted 
dissolved-oxygen concentrations contributed to 
exceedances in the deeper, downstream parts of 
the reservoir. Concentrations of lead, mercury, 
and zinc were elevated in the reservoir bottom sed­ 
iments and may be the result of metal-mine drain­ 
age in the upper Arkansas River Basin.

Median concentrations of total organic car­ 
bon ranged from 3.1 to 4.5 milligrams per liter in 
May through September and from 2.5 to 3.5 milli­ 
grams per liter in October through April. Total- 
organic-carbon concentrations in the reservoir 
were largest in the summer when streamflows and 
total-organic-carbon concentrations are largest in 
the Arkansas River. Total-organic-carbon concen­ 
trations in the reservoir decrease downstream from 
the reservoir inflow because of settling of particu­ 
late organic carbon.

Levels of gross-alpha and gross-beta radio­ 
activity generally were relatively low. In 7 of 31 
samples collected, dissolved gross-alpha radioac­ 
tivity, as natural uranium, exceeded 5 picocuries 
per liter, the level at which additional radiochemi- 
cal analyses are recommended for drinking-water 
supplies. Potential sources of uranium in Pueblo 
Reservoir include weathering of exposed uranium 
ore deposits in the upper Arkansas River Basin and 
a uranium milling operation near Canon City.

Phytoplankton densities and biovolumes 
measured during the winter, spring, and fall gener­ 
ally were indicative of a small to moderate algal 
biomass. Phytoplankton production tended to be 
largest during the summer. During the summer, 
phytoplankton densities and biovolumes generally 
were indicative of a moderate to large algal bio- 
mass. However, excessive algal production and 
biomass periodically occurred during the spring, 
summer, and fall. Three species of phytoplankton 
that are specifically associated with taste-and-odor 
problems in drinking water were identified on sev­ 
eral occasions in water samples collected from 
Pueblo Reservoir.

Reservoir operations and hydrodynamics 
can substantially affect processes that affect reser­ 
voir water quality. Stratification, underflow, and 
hypolimnetic withdrawals affect concentrations of 
dissolved solids, availability of nutrients, and con­ 
centrations of metals in the reservoir. Stratifica­ 
tion impedes the mixing of epilimnetic and 
hypolimnetic waters, and the prevalent underflow 
that occurs during the summer results in a decrease 
in the potential dilution of inflowing river water 
with reservoir water. The underflow also 
decreases the maximum available nutrient load to 
the euphotic zone, which can, in turn, offset the 
maximum algal growth potential. Increased 
dissolved-solids, nutrient, and metal concentra­ 
tions that occur in the hypolimnion during the 
summer are partially offset by hypolimnetic with­ 
drawals.

INTRODUCTION

Pueblo Reservoir is located about 6 mi upstream 
from and west of the city of Pueblo, Colo. (fig. 1). The 
reservoir is an invaluable resource to southeastern Col­ 
orado providing: (1) The sole source of municipal and 
industrial water to the cities of Pueblo and Pueblo 
West; (2) the primary water supply via the Bessemer

2 Physical, Chemical, and Biological Characteristics of Pueblo Reservoir, Colorado, 1985-89
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Ditch to St. Charles Mesa located east of Pueblo; and 
(3) a supplemental water supply via the Fountain Val­ 
ley Pipeline for Colorado Springs, Stratmoor Hills, 
Security, Widefield, and Fountain, which are located 
several miles north of Pueblo. Altogether, Pueblo Res­ 
ervoir provides water to about a half million people in 
southeastern Colorado. In addition, Pueblo Reservoir 
is one of Colorado's major recreational reservoirs that 
is used extensively for boating, fishing, and primary 
contact sports such as swimming, water skiing, and 
wind surfing. The reservoir provides water to a warm- 
water, cool-water, and cold-water fish hatchery that is 
located immediately downstream from the dam. Many 
of the current and future uses of this multipurpose res­ 
ervoir depend on maintaining acceptable water quality.

Pueblo Reservoir is the farthest upstream, main- 
stem reservoir on the Arkansas River and has a drain­ 
age area of 4,669 mi2. The surface-water quality in the 
upper Arkansas River Basin is affected by snowmelt 
runoff (the principal source of annual streamflow), 
rainfall runoff, mine drainage, effluents from numerous 
small-capacity wastewater-treatment plants, ground- 
water inflow, and land and water use in the basin.

Concerns over potential water-quality problems 
that could result from runoff, mine drainage, discharges 
of wastewater, salt loadings from return flows, and 
taste-and-odor problems associated with nuisance 
algae led to a comprehensive water-quality investiga­ 
tion of Pueblo Reservoir. The study was begun in the 
spring of 1985 by the U.S. Geological Survey in coop­ 
eration with the Pueblo Board of Water Works, Foun­ 
tain Valley Authority, Southeastern Colorado Water 
Conservancy District, Pueblo West Metropolitan Dis­ 
trict, St. Charles Mesa Water District, and the Bureau 
of Reclamation.

This report is the third report prepared as part of 
the study. The first report (Edelmann, 1988) describes 
the water quality of the upper Arkansas River Basin 
and the quality of water entering the reservoir and some 
of the areal, vertical, and seasonal water-quality varia­ 
tions that occurred in Pueblo Reservoir during 1985. 
Some general information about potential contami­ 
nants to Pueblo Reservoir also is provided in the first 
report. The second report (Edelmann and others, 1991) 
contains water-quality data collected during 1985 
through 1987.

Purpose and Scope

This report describes the temporal and spatial 
variations of physical, chemical, and biological charac­ 
teristics of Pueblo Reservoir and provides a discussion 
of water quality of the upper Arkansas River Basin and

the reservoir as they relate to reservoir operations. 
Descriptions of the following physical, chemical, and 
biological characteristics of Pueblo Reservoir are 
included in this report: measurements of water temper­ 
ature, specific conductance, water transparency and 
turbidity, dissolved oxygen, and pH; and analyses of 
dissolved solids, major nutrients, trace elements, 
organic carbon, radiochemical constituents, chloro­ 
phyll a, density and relative abundance of phytoplank- 
ton, and phytoplankton biomass. These constituents 
were analyzed to provide a thorough description of 
water-quality conditions in the reservoir and baseline 
of information that can be used for future investiga­ 
tions. Data were collected from the spring of 1985 
through the fall of 1989 and are published in Ugland 
and others (1988, 1990) and Edelmann and others 
(1991).

Description of Pueblo Reservoir and 
Reservoir Operations

Pueblo Reservoir is a multipurpose storage facil­ 
ity of the Fryingpan-Arkansas Project that was autho­ 
rized by Public Law 87-590. Storage began in January 
1974, and the concrete and earth-fill dam built on the 
Arkansas River was completed in August 1975. The 
reservoir has a total initial storage capacity of 
357,678 acre-ft. Since water was first impounded in 
Pueblo Reservoir, reservoir storage has varied greatly 
because of variations in annual inflow and demand for 
the stored water (fig. 2). Prior to 1983, the reservoir 
contents ranged from 22,680 acre-ft in November 1974 
to 111,920 acre-ft in March 1982. From early 1983 to 
June 1988, the reservoir contents were more than 
200,000 acre-ft because of greater-than-normal stream- 
flows from the Arkansas River. From 1985 to 1987, 
reservoir contents ranged from 295,480 acre-ft in 
February 1985 to 228,850 acre-ft in October 1987 
(fig. 2). During 1988 and 1989, reservoir contents 
decreased because of smaller streamflow in the Arkan­ 
sas River upstream from the reservoir and large down­ 
stream demands for stored water. Reservoir contents 
decreased to 110,770 acre-ft in October 1989 (U.S. 
Bureau of Reclamation, written commun., 1990).

At all pool elevations, the reservoir is dendritic, 
and the shoreline is irregular. At minimum pool 
(30,355 acre-ft), the reservoir is about 3.5 mi long, 
ranges in width from a few hundred feet to about 
1.3 mi, and ranges in depth from a few feet at the inflow 
to about 72 ft at the dam. At the top of the conservation 
pool (about 265,000 acre-ft or an elevation of about 
4,880 ft), the reservoir is more than 9 mi long, ranges 
in width from about 0.3 to about 2.2 mi, and has a depth

4 Physical, Chemical, and Biological Characteristics of Pueblo Reservoir, Colorado, 1985-89
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Figure 2. End-of-month contents of Pueblo Reservoir, 1974 through 1989.

that ranges from a few feet at the inflow to about 155 ft 
at the dam (U.S. Bureau of Reclamation, 1972).

Pueblo Reservoir derives almost all of its con­ 
tents from streamflow in the Arkansas River, which is 
comprised of native and transmountain flow. From 
1985 through 1989, an average of 53 percent of the 
annual inflow to Pueblo Reservoir entered during May 
through July (U.S. Bureau of Reclamation, written 
commun., 1990).

Water is released from the reservoir through the 
river outlets, the Bessemer Ditch outlet, the south out­ 
lets, and the fish hatchery outlets. Outlet works also 
have been constructed for future developments down­ 
stream from the dam, such as a municipal outlet for a 
future water-treatment plant for the city of Pueblo. The 
river outlets are at an elevation of 4,766 ft or about 
41 ft above the reservoir bottom and release the major­ 
ity of the water from the reservoir. Water released 
through the river outlets provides municipal and indus­ 
trial water to Pueblo and irrigation water to down­ 
stream irrigators. The Bessemer Ditch outlet is located 
at an elevation of 4,780 ft or about 55 ft above the res­ 
ervoir bottom and releases water to the Bessemer 
Ditch, an irrigation canal, that provides water to

St. Charles Mesa. The south outlets transport water to 
Pueblo West and the Fountain Valley Pipeline, which is 
a 45-mi-long pipeline that transports water to the city 
of Colorado Springs and the communities of Stratmoor 
Hills, Security, Widefield, and Fountain (fig. 1). The 
south outlets release water through multilevel intake 
lines located at elevations of 4,840,4,805,4,776, and 
4,768 ft, which correspond to about 115, 80, 51, and 
43 ft, respectively, above the reservoir bottom. Water 
can be released concurrently from one or more of these 
intake lines. The fish hatchery outlets also are com­ 
prised of multilevel intake lines and can release water 
from elevations of 4,851, 4,811,4,786, and 4,736 ft, 
which correspond to about 126,86,61, and 11 ft above 
the reservoir bottom (U.S. Bureau of Reclamation, 
written commun., 1986).

From 1985 through 1989, 88.2 percent of the 
total outflow was released through the river outlets, 
11.3 percent was released through the Bessemer Ditch 
outlet, and 0.5 percent was released through the south 
outlets to the Fountain Valley Pipeline (fig. 3). Water 
is released through the river and south outlets during 
the entire year. However, water has been released 
through the south outlets only since the Fountain Valley

INTRODUCTION
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Pipeline project was completed in June 1985. Water is 
released through the Bessemer Ditch outlet during 
the spring, summer, and fall. During the winter, 
St. Charles Mesa obtains its surface water by diverting 
Arkansas River water downstream from the dam.

In general, at least since 1985, a volume of water 
comparable to the amount of annual inflow has been 
released annually from the reservoir outlet works. 
However, a net increase in storage occurs from Novem­ 
ber to April of each year because of the Winter Water 
Storage Program. Because of Pueblo Reservoir opera­ 
tion practices, the reservoir has a short residence time. 
From 1985 through 1989, an average of 12 percent of 
the reservoir contents was released each month during 
November to April (the period of the Winter Water 
Storage Program); an average of 52 percent of the res­ 
ervoir contents was released each month during May 
and June (the major snowmelt-runoff period); an aver­ 
age of 47 percent of the reservoir contents was released 
each month during July and August (the upper-basin 
reservoir-release period and rainfall-runoff period); 
and an average of 15 percent of the reservoir contents 
was released each month during September and 
October.

Water Quality of the Upper Arkansas River 
Basin

A discussion of the physical and chemical condi­ 
tions of the Arkansas River upstream from Pueblo Res­ 
ervoir is necessary to fully understand the physical and 
chemical characteristics of the reservoir, because the 
Arkansas River has a dominant effect on the reservoir. 
The chemical quality of the upper Arkansas River 
Basin has been studied by the Federal Water Pollution 
Control Administration (1968), Moran and Wentz 
(1974), Wentz (1974), La Bounty and others (1975), 
Miles (1977), Roline and Boehmke (1981), Crouch and 
others (1984), Cain (1987), and Kimball and others 
(1988). The reader is referred to these reports for a 
detailed description of the historical water quality in 
the upper Arkansas River Basin. The following discus­ 
sion is intended to provide an overview of the quality 
of water in the upper basin and to provide a description 
of the quality of water entering the reservoir.

The chemical quality of surface water in the 
Arkansas River Basin is affected by runoff from snow- 
melt and rainfall, transmountain diversions, mine 
drainage, wastewater-treatment-plant effluents, ground 
water, and land and water use within the basin. Water 
entering the basin near the headwaters of the Arkansas 
River and its tributaries is derived mostly from snow-

melt and generally is suitable for most uses (Federal 
Water Pollution Control Administration, 1968).

Dissolved-solids concentrations in the upper 
reaches of the Arkansas River have been increased 
by acid mine drainage in the basin headwaters 
(Cain, 1987). Dilution by tributary inflows results in 
decreasing dissolved-solids concentrations and specific 
conductance between Leadville and Buena Vista. Dis­ 
solved solids and specific conductance increase down­ 
stream from Buena Vista because of: (1) dissolution of 
sedimentary rock minerals, (2) irrigation return flows 
and saline ground-water inflow, and (3) discharges 
from wastewater-treatment plants. Dissolved solids 
and specific conductance increased only slightly 
between Buena Vista and Canon City (fig. 1), but dis­ 
solved solids increase substantially and specific 
conductance almost doubles in the 20-mi reach down­ 
stream from Canon City, primarily as a result of saline 
ground-water inflows and irrigation return flows 
(Cain, 1987).

The limited amount of nutrient data available for 
the upper Arkansas River Basin indicates that nitrogen 
and phosphorus concentrations increase downstream 
(Edelmann and others, 1991). Concentrations of total 
nitrogen generally are less than 1 mg/L, and total- 
phosphorus concentrations generally are less than 
0.2 mg/L.

Acid mine drainage has resulted in relatively 
large concentrations of cadmium, iron, lead, manga­ 
nese, nickel, and zinc in the upper Arkansas River and 
is a major source of these constituents to Pueblo Reser­ 
voir (A.J. Medine, Water Science, Boulder, Colorado, 
written commun., 1991). Weathering of sedimentary 
rocks in the lower half of the basin seems to be another 
major source of iron and manganese to the river and 
reservoir. Chemical precipitation; sorption to iron and 
aluminum oxides, organics, and clay minerals; sedi­ 
mentation; and dilution contribute to downstream 
decreases in most dissolved-metal concentrations in the 
upper Arkansas River.

The chemical quality of water entering Pueblo 
Reservoir can be summarized by using data collected at 
station 07097000, Arkansas River at Portland (table 1). 
The U.S. Geological Survey has been analyzing water- 
quality samples collected at this station since 1977. 
Daily measurements of water temperature and specific 
conductance have been made since 1979. A summary 
and discussion of water-quality data collected at this 
station from 1977 through 1985 are provided in Edel­ 
mann (1988).

Strong seasonal variations in water temperature, 
specific conductance, and dissolved-solids concentra­ 
tions occur in the Arkansas River. Mean daily water 
temperature of the Arkansas River at Portland ranged
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Table 1. Statistical summary of water-quality data for station 07097000, Arkansas River at Portland, 1986 through 1989

[ft3/s, cubic feet per second; °C, degrees Celsius; uS/cm, microsiemens per centimeter at 25 degrees Celsius; mg/L, milligrams per liter; NTU, nephelometric 
turbidity units; ug/L, micrograms per liter; <, less than; NA, statistic not applicable]

Constituent

Streamflow, instantaneous (frVs)
Temperature (°C)
Specific conductance (jiS/cm)
Oxygen, dissolved (mg/L)
pH (standard units)

Turbidity (NTU)
Nitrogen, total (mg/L)
Nitrite plus nitrate as nitrogen,
dissolved (mg/L)

Nitrite plus nitrate as nitrogen,
total (mg/L)

Ammonia as nitrogen, dissolved
(mg/L)

Ammonia as nitrogen, total (mg/L)
Ammonia plus organic nitrogen as
nitrogen, dissolved (mg/L)

Phosphorus, orthophosphate, as
phosphorus, dissolved (mg/L)

Phosphorus, dissolved (mg/L)
Phosphorus, total (mg/L)

Hardness (mg/L)
Calcium, dissolved (mg/L)
Magnesium, dissolved (mg/L)
Potassium, dissolved (mg/L)
Sodium, dissolved (mg/L)
Chloride, dissolved (mg/L)

Fluoride, dissolved (mg/L)
Sulfate, dissolved (mg/L)
Alkalinity, laboratory (mg/L)
Carbonate, as calcium carbonate

(mg/L)
Bicarbonate, as calcium carbonate

(mg/L)
Dissolved solids at 180 °C (mg/L)

Number 
of 

measure­ 
ments or 
analyses

130
135
89

122
129

80
19
35

19

35

44
44

33

34
41

42
42
42
42
42
41

41
55
15
8

8

23

Number 
of 

measure­ 
ments 

less than 
detection 

level1

0
0
0
0
0

0
0
7

0

10

9
2

1

0
0

0
0
0
0
0
0

0
0
0
0

0

0

Mean

1,228
16.1

363
9.4

NA

42
.97
.22

.22

.03

.04

.61

0.03

.05

.14

174
47
13.7
2.3

19.7
7.6

.50
82

128
2.4

142

111

Standard 
deviation

874
5.6

133
2.1

NA

126
2.4

.19

.14

.03

.04
1.5

0.02

.02

.15

53
13
5.1

.69
8.1
3.0

.13
31
28
3.0

43

83

TWenty- 
fifth 

percentiie

608
13.9

230
7.9
8.1

4.2
.23
.10

.11

.01

.02

.20

0.02

.03

.06

135
38

9.7
1.8

14.8
5.0

.42
60

113
0

102

200

Median

1,120
17.0

369
8.6
8.4

7.1
.37
.16

.18

.03

.03

.30

0.03

.04

.08

190
51
15.5
2.5

22.7
8.3

.5
86

132
1

143

306

Seventy- 
fifth 

percentiie

1,525
21.0

493
11.0
8.8

27
.62
.33

.30

.04

.04

.50

0.05

.06

.14

213
57
18.0
2.7

26.0
10.0

.6
110
154

4.8

183

335
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Table 1. Statistical summary of water-quality data for station 07097000, Arkansas River at Portland, 1986 through 1989 
-Continued

Constituent

Dissolved solids, sum of
constituents (mg/L)

Arsenic, dissolved Oig/L)
Arsenic, total (jig/L)

Barium, dissolved (jig/L)
Barium, total recoverable (jig/L)
Cadmium, dissolved (jig/L)
Cadmium, total recoverable (jig/L)
Chromium, dissolved (jig/L)

Chromium, total recoverable (jig/L)
Cobalt, dissolved (jig/L)
Copper, dissolved (jig/L)
Copper, total recoverable (jig/L)
Iron, dissolved (jig/L)
Iron, total recoverable (jig/L)
Lead, dissolved (|ig/L)
Lead, total recoverable Oig/L)
Manganese, dissolved (jig/L)
Manganese, total recoverable

Oig/L)

Molybdenum, dissolved (jig/L)
Molybdenum, total recoverable

(Hg/L)
Nickel, dissolved (jig/L)
Nickel, total recoverable (jig/L)
Selenium, dissolved (jig/L)
Selenium, total recoverable (jig/L)
Silver, dissolved (jig/L)
Silver, total recoverable (jig/L)
Zinc, dissolved (jig/L)
Zinc, total recoverable (jig/L)
Carbon, organic total (mg/L)

Number 
of 

measure­ 
ments or 
analyses

41

33
18

34
19
32
19
32

19
13
34
18
34
19
34
19
34
19

34
19

34
19
34
19
33
19
34
19
16

Number 
of 

measure­ 
ments 

less than 
detection 

level 1

0

27
12

0
0

22
19
19

0
13
0
8
0
0

25
10
0
0

15
0

8
6
9
4

29
19
0
0
0

Mean

258

.53
1.2

56
139

.99
NA

1.1

7.5
NA

5.2
13.7
46

3,818
1.2

14
19.7

189

6.5
8.9

5.8
16.2

1.5
1.5

NA
NA

19.9
123

5.7

Standard 
deviation

84

1.4
1.7

17
88

1.2
NA

.92

7.8
NA

7
9.4

57
4,112

2.9
15.3
8.2

218

3.1
3.5

10.4
10.6

.82

.76
NA
NA

15.7
73
4.3

TWenty- 
flfth 

percentile

190

.04

.28

39
78

.30
<10

.50

3
<3

2
7.4

22
515

.13
5

13
47

4.4
5

1.1
9

.89
1

<1
<10

8.8
64

3.0

Median

285

.14

.63

60
106

.60
<10

.83

4
<3

4
11
30

2,400
.37

9.4
18.5
95

5.9
10

3.5
15

1
1

<1
<10

14
113

4.0

Seventy- 
fifth 

percentile

327

.44
2

67
182

1.0
<10

1.8

10
<3

5
20.3
40

6,330
1

20
27

248

8
12

8.3
20

2
2

<1
<10

30
190

7.7
'If the constituent contains one or more measurements less than the detection level, then the statistic was estimated using the method of Helsel and 

Conn (1988).
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from about 0°C in December through February to about 
20°C in July and August during 1986 through 1989. 
Mean daily specific conductance usually is largest from 
January to March when streamflows are smallest, and 
the smallest specific-conductance values occur during 
May through July when streamflows are the largest. 
During 1986 through 1989, the largest mean daily spe­ 
cific conductance was 793 j4,S/cm, which occurred dur­ 
ing February 1989; the smallest mean daily specific 
conductance of 147 jiS/cm occurred in June 1986. 
Dissolved-solids concentrations vary proportionately 
with specific conductance. Calcium is the dominant 
cation and bicarbonate and sulfate are the codominant 
anions. Cain (1987) determined relations between: 
(1) specific conductance and streamflow, (2) specific 
conductance and concentration of dissolved solids, and 
(3) specific conductance and concentrations of major 
ions. Hardness values at station 07097000 ranged from 
66 mg/L (moderately hard) to 240 mg/L (very hard) as 
calcium carbonate. Hardness varies inversely with 
streamflow.

Dissolved oxygen, pH, and alkalinity data sum­ 
marized in table 1 indicate that the water at station 
07097000 is: (1) well oxygenated, (2) alkaline (pH val­ 
ues usually range from 8.1 to 8.8), and (3) well buffered 
(median alkalinity equals 132 mg/L as calcium carbon­ 
ate).

Concentrations of total nitrogen at station 
07097000 generally are less than 1.0 mg/L, and organic 
nitrogen is the dominant nitrogen species (table 1). 
Edelmann (1988) reported that 61 percent of the total 
nitrogen consisted of organic nitrogen, 32 percent as 
nitrite plus nitrate, and 7 percent as ammonia. Addi­ 
tionally, about 70 percent of the total nitrogen was dis­ 
solved. Concentrations of total phosphorus ranged 
from 0.038 to 0.88 mg/L during 1986 through 1989; the 
median total phosphorus concentration was 0.08 mg/L. 
Based on the analyses of 34 water samples collected 
from 1986 through 1989, about 50 percent of the total 
phosphorus was dissolved.

Concentrations of total and dissolved trace ele­ 
ments analyzed from water samples collected at 
station 07097000 are summarized in table 1. Trace ele­ 
ments that have the largest concentrations are barium, 
iron, manganese, and zinc. Most of the samples col­ 
lected were filtered and analyzed for dissolved concen­ 
trations. However, several of the samples were 
analyzed for concentrations of dissolved and total trace 
elements. These analyses indicate that most of the 
trace elements are attached to suspended material; the 
largest concentrations of trace elements occur with the 
largest streamflows that transport relatively large quan­ 
tities of suspended material.

Methods of Investigation

Following an initial reconnaissance of Pueblo 
Reservoir in May 1985, a comprehensive water-quality 
investigation of the reservoir was done in two phases. 
Phase I was done from the spring of 1985 through the 
fall of 1987 and included intensive collection of reser­ 
voir water-quality data from seven transects located 
from the inflow (transect 1) to the dam (transect 7) 
(pi. 1). Water-quality samples were collected from 
seven transects in the reservoir in order to adequately 
represent any potential effects by tributaries or reser­ 
voir morphometry. Three sampling sites were selected 
along each transect. Onsite measurements of water 
temperature, specific conductance, water transparency, 
dissolved oxygen, and pH were made at all 21 sites, and 
water-quality samples were collected from the middle 
site in each transect. Onsite measurements were made 
monthly in the summer of 1985, biweekly in the sum­ 
mer of 1986, and weekly in the summer of 1987. 
Water-quality samples generally were collected 
monthly in the spring, summer, and fall. A sample also 
was collected in the winter when weather conditions 
permitted.

Phase II was done from the summer of 1988 
through the fall of 1989. Analysis of data collected 
during Phase I indicated that data collected from 
sites 3B, 5C, and 7B adequately describe the spatial 
variations of the physical, chemical, and biological 
characteristics within the reservoir. Therefore, water- 
quality data collection during Phase II and most analy­ 
sis and discussion of water-quality data for the study 
are limited to sites 3B, 5C, and 7B. During Phase II, 
data were collected four times annually: (1) spring, 
(2) early summer, (3) late summer, and (4) fall. Biolog­ 
ical data were collected twice in 1988 and four times in 
1989.

Bottom-sediment and interstitial pore-water 
samples were collected and analyzed as part of a sepa­ 
rate, unrelated research effort (Callendar and others, 
1988). Bottom-sediment samples were collected from 
23 locations in October 1987 and analyzed for major 
chemical constituents. Additionally, samples of bot­ 
tom sediments were collected for trace-element and 
nutrient analyses of the interstitial water in October 
1987 from transects 2, 5, and 7 and in August 1988 
from transects 3 and 6. In September 1990, bottom- 
sediment samples were collected from transects 4 and 
5 for nutrient analyses of the interstitial water.

Water temperature, specific conductance, dis­ 
solved oxygen, and pH generally were measured at 3-ft 
intervals from the reservoir surface to the reservoir bot­ 
tom with a multiparameter instrument. Water transpar­ 
ency was measured with a Secchi disk. Water samples
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were collected for chemical analyses from near the res­ 
ervoir surface and from near the reservoir bottom using 
a 4-L, nonmetallic, 2-ft-long water-sampling bottle. 
The near-surface samples were collected at the Secchi- 
disk depth, and the near-bottom sample was collected 
about 3 ft above the reservoir bottom. The near-surface 
samples were collected to characterize conditions in 
the photic zone, and the near-bottom samples were col­ 
lected to characterize conditions in the hypolimnion. 
Samples collected for chemical analyses were treated 
and preserved using methods described in Feltz and 
others (1985), except samples treated onsite for analy­ 
ses of nitrogen were not preserved with mercuric chlo­ 
ride. Mercuric chloride was not added to the nitrogen 
samples analyzed by the Pueblo Board of Water Works 
Laboratory because of interference effects. The inor­ 
ganic chemical constituents discussed in this report 
were analyzed using methods described by Fishman 
and Friedman (1985). The Pueblo Board of Water 
Works Laboratory analyzed samples collected for anal­ 
yses of turbidity, major ions, dissolved and total nitro­ 
gen species, and dissolved and total-recoverable trace 
elements. The U.S. Geological Survey National Water 
Quality Laboratory in Arvada, Colorado, analyzed 
samples collected for sulfate, dissolved and total phos­ 
phorus species, radiochemical constituents, and total 
organic carbon. Analyses for radiochemical constitu­ 
ents were made using methods developed by Thatcher 
and others (1977). Total organic carbon was analyzed 
using methods described by Wershaw and others 
(1983). The U.S. Geological Survey National Water 
Quality Laboratory also analyzed samples for all con­ 
stituents that were collected for quality-assurance pur­ 
poses (Edelmann and others, 1991).

Sediment cores were collected for analysis of 
selected trace elements from reservoir sites using a 
4-ft-long, weighted, stainless-steel 4-in. corer that con­ 
tained a plastic sleeve. The sediment cores were sub- 
sampled at the 0-2-cm depth interval and the 4-6-cm 
depth interval for total-recoverable analyses of selected 
constituents by the Pueblo Board of Water Works Lab­ 
oratory and for total analyses by the U.S. Geological 
Survey, Geologic Division Laboratory in Lakewood, 
Colorado. In addition, interstitial water was collected 
at discrete intervals and analyzed by the U.S. Geologi­ 
cal Survey.

Biological samples were collected for analyses 
of phytoplankton and chlorophyll a. Biological analy­ 
ses were done by Chadwick and Associates of Little- 
ton, Colorado. Phytoplankton samples were collected 
from a single depth near the reservoir surface using a 
4-L, nonmetallic, 2-ft-long, water-sampling bottle. 
Phytoplankton samples were preserved using a 
37-percent formaldehyde solution. Phytoplankton

density values are reported in cells per milliliter. Chlo­ 
rophyll a samples were collected from near the reser­ 
voir surface and from near the reservoir bottom. The 
sampling depths were the same as the depths at which 
water samples were collected for chemical analyses. 
One to two liters of water were filtered through a 
0.45-|im filter; the filter then was frozen onsite using 
dry ice. Chlorophyll a was extracted in the laboratory 
using acetone. The analyses were made using the chro- 
matography and spectroscopy method (Britton and 
Greeson, 1989), and a correction was made for pheo- 
phytin (Chadwick and Associates, Littleton, Colo., 
written commun., 1985).

In addition to data collection on Pueblo Reser­ 
voir, water samples were routinely collected from the 
Arkansas River upstream and downstream from the 
reservoir for analyses of inorganic chemical constitu­ 
ents. Specifically, samples were collected from station 
07097000, Arkansas River at Portland (upstream sta­ 
tion) and station 07099400, Arkansas River above 
Pueblo (fig. 1).
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PHYSICAL CHARACTERISTICS

The physical characteristics of the reservoir 
discussed in this section are thermal and specific- 
conductance stratification and mixing patterns, resi­ 
dence times, water transparency, and distribution and 
transport of particulate matter. These characteristics 
affect many important chemical and biological pro­ 
cesses within the reservoir.
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Thermal Stratification and Mixing Patterns

Thermal stratification is one of the most impor­ 
tant physical processes in the annual cycle of a lake or 
reservoir. Thermal stratification is a direct result of 
heating by the sun and the variability of water density 
with temperature. Typically, reservoirs such as Pueblo 
Reservoir that are located in the temperate zone 
undergo an annual cycle of warming and cooling that 
affect the timing and extent of stratification and mixing. 
In Pueblo Reservoir, thermal stratification results in a 
warm, less dense water layer near the reservoir sur­ 
face the epilimnion; a cooler, more dense deep 
layer the hypolimnion; and a transitional zone 
between the two layers the thermocline or metalim- 
nion. The density gradient that results from thermal 
stratification suppresses the vertical movement of 
water particles while allowing their horizontal move­ 
ment to become more pronounced and persistent 
(Wunderlich, 1971).

Stratification and mixing patterns in Pueblo Res­ 
ervoir were evaluated with temperature-profile mea­ 
surements that generally were made at 3-ft-depth 
increments from the water surface to the reservoir bot­ 
tom at several established transects located between the 
reservoir inflow and the dam (fig. 1) from 1985 through 
1989 (Ugland and others, 1988, 1990; Edelmann and 
others, 1991). The temperature-profile data indicate 
that there is little lateral variation in temperatures 
within a transect; therefore, the thermal profile of the 
reservoir may be adequately defined with measure­ 
ments made at a central location within each transect. 
Additionally, diel variations in the water-temperature 
profile were evaluated with temperature data collected 
during separate 24-hour periods in July 1986, May
1987. and July 1987 (Edelmann and others, 1991). 
During these periods, reservoir temperature profiles did 
not vary enough to result in diel variations in reservoir 
stratification and mixing patterns; therefore, a single 
temperature profile made during the day generally can 
be expected to define the daily mixing and stratification 
patterns.

A comparison of temperature-profile data col­ 
lected from 1985 through 1989 (Ugland and others,
1988. 1990; Edelmann and others, 1991) indicates 
there is little year-to-year variation in the spatial and 
temporal temperature patterns in Pueblo Reservoir. 
Temperature-profile data were collected for a 5-year 
period that included a wide range of hydrologic condi­ 
tions (figs. 2 and 3); therefore, unless Arkansas River 
or Pueblo Reservoir water-operations practices change 
substantially, the annual stratification and mixing pat­ 
terns observed in 1985 through 1989 can be expected to 
continue in the future if water levels, inflows, and out­

flows remain within the range observed during 1985 
through 1989.

The temperature profiles (fig. 4) also were used 
to evaluate the initial routing of the Arkansas River 
within the reservoir the inflowing water enters the 
reservoir at a depth of equal density, which for Pueblo 
Reservoir generally is determined by water tempera­ 
ture. Inflow that is warmer than the reservoir will enter 
as overflow at the reservoir surface because the warm 
inflow is less dense than the colder reservoir water. 
Interflow, which is the routing of water into the middle 
of the water column, results when the inflow is cooler 
and more dense than the surface water and warmer and 
less dense than the bottom water. Underflow results 
when the inflow is colder and more dense than the res­ 
ervoir water and results in initial routing of the inflow 
along the reservoir bottom. The point in a reservoir 
where inflow plunges or flows beneath the reservoir 
surface is referred to as the plunge point.

Underflow and interflow seem to be the more 
dominant flow patterns in Pueblo Reservoir. The 
plunge point in the reservoir typically is located in the 
upstream end of the reservoir between transects 1 and 
3. Routing of inflow through the entire reservoir can­ 
not be determined by the temperature of the inflow and 
upstream end of the reservoir because of some degree 
of mixing in the downstream end of the reservoir. The 
outlet type and operation of a reservoir also affect the 
routing of horizontal density currents. As previously 
discussed in the "Introduction" section, Pueblo Reser­ 
voir has a multilevel outlet structure that is capable of 
releasing water from several depths. However, the 
majority of flow is released from the river outlet 
located about 41 ft from the reservoir bottom. During 
periods that a reservoir is stratified, Ford (1990) indi­ 
cated that vertical flow can be inhibited and the outflow 
zone can be restricted to a horizontal layer that can 
extend the full length of the reservoir. In Pueblo Res­ 
ervoir, the horizontal layer encompasses a large portion 
of the reservoir and, during peak outflow, extends most 
of the length of the reservoir.

Diel variations in the temperature of the Arkan­ 
sas River result in corresponding diel variations in the 
initial routing of inflow into the reservoir. The mean 
diel variation in the temperature of the Arkansas River 
inflow is about 4.5°C, and the ranges of water temper­ 
ature in the river often overlap the water temperature in 
the reservoir. Therefore, throughout much of the year, 
it is common for the initial routing of inflow to include 
overflow, interflow, and underflow during a 24-hour 
period. During these 24-hour periods, there still can be 
a dominant direction of inflow routing if the relative 
density difference between the river and reservoir
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Figure 4. Monthly temperature profiles for Pueblo Reservoir and initial routing of inflow in Pueblo Reservoir, 
December 1986 and March through October 1987.
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Figure 4. Monthly temperature profiles for Pueblo Reservoir and initial routing of inflow in Pueblo Reservoir, 
December 1986 and March through October 1987-Continued.

remains nearly constant for a substantial amount of 
time.

The monthly temperature profiles for December 
1986 and March through October 1987 (fig. 4) illus­ 
trate the typical temporal and spatial stratification and 
mixing patterns observed from 1985 through 1989. 
The December temperature profile indicates the reser­ 
voir is fairly well mixed downstream from transect 4 
and weakly stratified in the more shallow, upstream 
part of the reservoir (fig. 4) in early winter. Interflow 
and underflow of the Arkansas River exists in the 
upstream part of the reservoir during December. The 
March temperature profile indicates the reservoir con­ 
tinued to cool during the winter and is well mixed 
downstream from transect 2 and weakly stratified 
upstream from transect 2 (fig. 4). The stratified condi­ 
tions are confined to the shallow, upstream part of the

reservoir in early spring, because of rapid warming of 
the shallow water by solar radiation and interflow of 
the cooler Arkansas River. Weak stratification domi­ 
nates the entire reservoir by mid-April as the reservoir 
surface warms because of increased solar radiation and 
continued interflow of the Arkansas River. Strong 
stratification becomes established in the reservoir by 
mid-May because of reservoir releases from the 
hypolimnion, increased solar radiation, and interflow 
of the Arkansas River. The strong stratification persists 
throughout June, July, and early August as the reservoir 
surface continues to warm and the Arkansas River 
enters as increasingly deeper underflow. During this 
period, the depth of the thermocline increases as deep, 
cold water is released at the dam and warmer, overlying 
water replaces it from above. By mid-August, night- 
time air temperatures begin to decrease, and stratifica-
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tion in the epilimnion is partially disrupted downstream 
from transect 3 as the reservoir surface cools and mixes 
with the underlying water downstream. This process of 
fall turnover continues into September as air tempera­ 
tures decrease substantially and can continue into 
October until the deeper parts of the reservoir generally 
are well mixed. Underflow of the Arkansas River helps 
maintain stratified conditions upstream from transect 3 
or 4 throughout the fall and winter.

Specific-Conductance Stratification and 
Mixing Patterns

Variations in specific conductance in Pueblo 
Reservoir are a function of the specific conductance 
and initial routing of the Arkansas River and the ther­ 
mal stratification and mixing patterns within the reser­ 
voir. The specific conductance of the Arkansas River 
upstream from Pueblo Reservoir varies inversely with 
discharge. Specific conductance of the river water is 
lowest in May through early July when discharge is rel­ 
atively large because of snowmelt runoff in the upper 
basin. Specific conductance gradually increases with 
decreasing discharge during the late summer and fall. 
Matching of observed reservoir specific-conductance 
values with similar values of antecedent specific con­ 
ductance of the Arkansas River inflow provides further 
information on the effect of thermal stratification on the 
initial routing of inflow into the reservoir and mixing 
patterns within the reservoir. The determination of 
stratified or mixed conditions with respect to specific 
conductance is qualitative; stratification is indicated by 
a change in specific conductance with depth; well- 
mixed conditions are indicated by a uniform or nearly 
uniform specific-conductance profile.

The specific-conductance profiles for December 
1986 and March through October 1987 (fig. 5) illus­ 
trate the typical temporal and spatial patterns in specific 
conductance that were measured from 1985 through 
1989. These patterns represent those commonly 
observed in Pueblo Reservoir throughout the year. 
Specific-conductance stratification patterns are not as 
well defined as thermal-stratification patterns. With 
respect to specific conductance, the reservoir generally 
is well mixed in the winter and early spring (December 
and March) (fig. 5). The April and May profiles indi­ 
cate specific-conductance stratification is very weak 
throughout the reservoir. Specific-conductance stratifi­ 
cation becomes well defined in June as underflow 
becomes the dominant direction of inflow routing, and 
inflow specific-conductance values decrease at the time 
of peak snowmelt runoff. Early in the summer, the spe­ 
cific conductance of inflow from the river is relatively

low because of snowmelt runoff; therefore, the under­ 
flow results in smaller conductance values in the 
hypolimnion. As summer progresses, the inflow spe­ 
cific conductance in the Arkansas River increases as 
discharge decreases; as a result, the underflow results in 
larger specific-conductance values near the reservoir 
bottom from July through October. Fall turnover mixes 
the reservoir downstream from about transect 4 during 
August through September. Generally uniform 
specific-conductance values in the upper 40 to 70 ft of 
the downstream part of the reservoir during the late 
summer and fall indicate these areas are mixing during 
this time because of fall turnover. Underflow of the 
Arkansas River maintains relatively strong specific- 
conductance stratification upstream from about 
transect 4 during the autumn. Relatively stable 
specific-conductance values in the river inflow and 
mixing within the reservoir help maintain nearly uni­ 
form, well-mixed conditions from late autumn through 
the spring throughout much of the reservoir.

Reservoir Residence Times

Residence or retention time is defined as the time 
necessary for the volume of water in a reservoir to be 
replaced by inflowing water or the time necessary for 
the volume of water in a reservoir to be drained by out­ 
flow. When the reservoir is well mixed, the residence 
time can be calculated by using the following equation:

where 
T 
V 
Q

T = V/Q

= residence time, in days;
= reservoir volume, in acre-feet; and
= reservoir outflow, in acre-feet per day.

(1)

Theoretical residence times for Pueblo Reservoir 
can range from a few weeks to more than a year (fig. 6). 
When the reservoir is thermally stratified, the residence 
time, as calculated from the above equation, does not 
accurately represent the actual residence time of water 
entering the reservoir because of various mixing and 
circulation patterns that occur within the reservoir. 
Therefore, the equation for estimating theoretical resi­ 
dence time is valid from about October through March 
or April, although there is some degree of thermal 
stratification present upstream from about transect 3 
during part of this time. Less than 7 percent of the total 
volume of the reservoir is located upstream from 
transect 3 when storage is at the top of the conservation 
pool; therefore, the effects of thermal stratification and 
underflow in this region on reservoir residence times is 
small. As a result of the relatively strong thermal strat-
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Figure 5. Monthly specific-conductance profiles for Pueblo Reservoir, December 1986 and March through 
October 1987.
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Figure 5. Monthly specific-conductance profiles for Pueblo Reservoir, December 1986 and March through 
October 1987-Continued.

ification, underflow, and large reservoir outflow rates 
from about May to September, the actual residence 
times of a portion of the reservoir water are consider­ 
ably shorter than the theoretical residence time. These 
conditions result in less mixing and dilution of the res­ 
ervoir inflow before being discharged at the dam. The 
conditions that result in shorter residence times for 
inflowing water also can result in longer residence 
times for a portion of reservoir water. The water with 
longer residence times might be prevented from mixing 
with the underflowing water by strong thermal stratifi­ 
cation.

Daily reservoir inflow and outflow specific- 
conductance measurements made during 1986 and 
1987 were used to estimate the minimum residence 
times for the reservoir during these years and to indi­

cate the potential effect of underflow on reservoir resi­ 
dence times. The minimum residence time was 
estimated as the elapsed time between the observed 
minimum specific conductance of the reservoir inflow 
and outflow (fig. 7). This method could not be effec­ 
tively applied to 1985, 1988, or 1989 data because of 
missing data or anomalous patterns in the specific- 
conductance data. In 1986, the minimum residence 
time was about 30 days and occurred from June 23 to 
July 22. The minimum residence time in 1987 was 
about 31 days and occurred from June 6 to July 6. The 
residence times associated with these periods of under­ 
flow in 1986 and 1987 represent decreases in the theo­ 
retical residence times of about 33 percent and about 
31 percent, respectively.
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Figure 6. Relation of residence time, outflow, and reservoir storage in Pueblo Reservoir.

Water Transparency

Water transparency is the capability of water to 
transmit light and determines the depth of the euphotic 
zone where sufficient light is available for photosyn­ 
thesis. Light penetration within the reservoir is limited 
by suspended inorganic and organic particulate matter. 
An approximation of the depth of the euphotic zone 
and the capability of water in Pueblo Reservoir to 
transmit light was made using a Secchi disk. The depth 
of the euphotic zone in Pueblo Reservoir can be 
approximated by multiplying the Secchi-disk depth by 
two, which is consistent with the relation reported by 
Moss (1980). The relation between the euphotic zone 
and Secchi-disk depth is based on a comparison of 
Secchi-disk measurements to measured compensation- 
zone depths made on July 1, 1986, May 27 and 28, 
1987, and July 28 and 29, 1987. The compensation 
zone is the depth of water at which oxygen production 
by photosynthesis equals the oxygen consumption by 
respiration, which usually occurs when the light inten­ 
sity is decreased to about 1 percent of the intensity at 
the surface.

In Pueblo Reservoir, Secchi-disk depths increase 
in a downstream direction throughout the year (fig. 8) 
and are consistently larger near the dam than near the 
inflow. The largest water transparencies and euphotic- 
zone depths occur throughout Pueblo Reservoir from 
December to late April, a period that corresponds to the 
minimum annual sediment load to Pueblo Reservoir 
and the minimum annual biomass. The largest Secchi- 
disk depth (9.75 m) was recorded at transect 7 during 
March 1986 (Edelmann and others, 1991).

The capability of the reservoir to transmit light 
and the depths of the euphotic zone are diminished 
from late April or May through November (fig. 8). 
From late April or May through August, water trans­ 
parency is suppressed because of increased sediment 
loads to Pueblo Reservoir and an increase in biomass. 
During this period, the depth of the euphotic zone gen­ 
erally (less than 50 percent of the time) is less than 
about 2 m in the upstream part of the reservoir as shown 
by site 3B in figure 8, less than about 4 m in the middle 
part of the reservoir as shown by site 5C, and less than 
about 5 m in the downstream part of the reservoir as 
shown by site 7B.
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Although sediment loads to Pueblo Reservoir are 
greatly decreased during the fall relative to the summer, 
and algal biomass generally was smaller during the fall 
than during the summer, Secchi-disk measurements 
remained small. Algal biomass seems to be the domi­ 
nant effect on water transparency during the fall. Dur­ 
ing the fall, the depth of the euphotic zone generally is 
less than about 2 m in the upstream part of the reservoir 
as shown by site 3B in figure 8, less than about 3 m in 
the middle part of the reservoir as shown by site 5C, 
and less than about 3 m in the downstream part of the 
reservoir as shown by site 7B. The persistence of low- 
water transparency during the fall might partly be 
caused by fall turnover resuspending algae and detritus 
into the euphotic zone that concentrated in the metalim- 
nion during the summer or from fall blooms of phy- 
toplankton, or both.

Distribution and Transport of Particulate 
Matter

A semiquantitative method of evaluating distri­ 
bution and transport of paniculate matter in Pueblo 
Reservoir was made using numerous turbidity mea­ 
surements made at multiple depths (3-5) and sites in 
the reservoir (fig. 9). Turbidity is a measurement of the 
clarity of water and is affected by suspended matter 
such as clay; silt; finely divided organic matter; soluble, 
colored, organic compounds; plankton; and other 
microscopic organisms (American Public Health Asso­ 
ciation and others, 1985). Although turbidity is an 
expression of the optical property of water rather than 
a measurement of the actual suspended-sediment con­ 
centration, a comparison of turbidity measurements 
with concurrent suspended-sediment concentration 
measurements made from samples collected from the 
Arkansas River upstream from Pueblo Reservoir 
(station 07097000, Arkansas River at Portland) indi­ 
cate a highly significant correlation (r2 of 0.91 at a sig­ 
nificance level of 0.0001) between turbidity and 
suspended-sediment concentration.

The predominant sources of suspended material 
in Pueblo Reservoir are the Arkansas River drainage 
basin and the production of plankton within the reser­ 
voir. Other potential sources of suspended material 
include resuspension, shoreline erosion, and tributary 
inflow. The larger size fraction (sand) of suspended 
sediment within the reservoir settles from the water 
column relatively quickly. However, the finer size frac­ 
tions of sediments (clay, silt, and, especially, colloidal 
material) and organic paniculate matter can be trans­ 
ported farther into the reservoir.

The predominant spatial and temporal distribu­ 
tion patterns and transport of participates in Pueblo 
Reservoir can be described by using the December 
1986 and March through October 1987 turbidity data 
presented in figure 9. The majority of the suspended 
sediment entering Pueblo Reservoir settles out of the 
water column within about 5 mi from where the river 
enters the reservoir which, during 1986 and 1987, cor­ 
responds to an area between transects 3 and 4. From 
October through March, turbidity data collected from 
Pueblo Reservoir indicate a relatively small amount of 
suspended matter is present from the Arkansas River 
during this period. An increase in suspended sediment 
to Pueblo Reservoir occurs in April and May because 
of snowmelt runoff from the lower elevations in the 
upper basin, which results in an increase in particulates 
throughout the water column in the upstream 5 mi of 
the reservoir. Most of these sediments settle from the 
water column within about 3 mi from where the river 
enters the reservoir which, during 1987, corresponded 
to an area between transects 2 and 3. The remaining 
sediments are transported about 2 more miles prior to 
settling out. The turbidity profiles for June through 
September (fig. 9) are similar to the specific- 
conductance profiles for June through September 
(fig. 5) and indicate the distribution and transport of 
particulates in Pueblo Reservoir primarily is affected 
by the Arkansas River. During June, the peak snow- 
melt runoff in the upper basin occurs, which results in 
a large sediment load to the reservoir and a short 
hydraulic residence time of inflowing water as large 
volumes of water are released from the reservoir. 
During this period, underflow also is predominant. 
Although most particulates settle from the water col­ 
umn within 3 mi from the river inflow, some particu­ 
lates are transported almost 8 mi into the reservoir 
which, during 1987, corresponds to transect 6. As sum­ 
mer progresses, underflow continues to predominate, 
and hydraulic residence time continues to be short. 
During this period, most of the suspended material 
seems to be transported with the underflow and settles 
from the water column within the upstream 5 mi of the 
reservoir. However, some particulates are transported 
through the entire reservoir.

CHEMICAL CHARACTERISTICS

The chemical processes that occur in Pueblo 
Reservoir are complex and interrelated with the physi­ 
cal and biological processes. Because of these rela­ 
tions, the chemical characteristics of Pueblo Reservoir 
vary spatially and seasonally. Water-quality data col­ 
lected during 1986 through 1989 from Pueblo Reser­ 
voir are used to describe the areal, vertical, and
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Figure 9. Monthly turbidity-measurement profiles of Pueblo Reservoir, December 1986 and March through 
October 1987.
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Figure 9. Monthly turbidity-measurement profiles of Pueblo Reservoir, December 1986 and March through 
October 1987-Continued.

temporal variations of the chemical characteristics of 
Pueblo Reservoir.

Dissolved Oxygen and pH

Dissolved-oxygen concentration and pH are 
important properties of water. Dissolved oxygen is: 
(1) essential to the metabolism of most aquatic organ­ 
isms, (2) necessary for the aerobic decomposition of 
organic matter, and (3) a controlling factor in the 
amount of nutrients and trace elements that might be 
released from the bottom sediments into the water col­ 
umn. Dissolved-oxygen concentrations in Pueblo Res­ 
ervoir can be affected by photosynthesis, surface 
aeration, respiration, decomposition, water tempera­ 
ture, and the oxygen content of the Arkansas River.

Inflow from the Arkansas River typically is well oxy­ 
genated.

Values of pH are a measure of the hydrogen-ion 
activity. The biological activity of many organisms and 
the solubility of many chemical constituents, including 
trace elements, are pH dependent. The pH of water in 
Pueblo Reservoir is altered by the processes of photo­ 
synthesis and respiration and the pH of water entering 
Pueblo Reservoir from the Arkansas River. The pH of 
inflow from the Arkansas River typically ranges from 
8.1 to 8.8.

The dissolved-oxygen and pH data for 1985 
through 1989 indicate that dissolved-oxygen concen­ 
trations and pH vary temporally and spatially within 
the reservoir (Ugland and others, 1988, 1990; Edel- 
mann and others, 1991). Dissolved-oxygen concentra­ 
tions in the epilimnion are consistently near or greater
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than saturation throughout the reservoir. Dissolved- 
oxygen concentrations less than 1 mg/L commonly 
occur near the reservoir bottom downstream from 
about transect 5 to the dam in July through mid- 
September. The periods of low dissolved-oxygen con­ 
centrations typically persist for less than 3 to 4 weeks. 
Completely anoxic conditions were observed in parts 
of Pueblo Reservoir on four occasions during 1985 
through 1989. Anoxic conditions were measured at 
site 4B in August 1987, sites 5C and 7B in July 1988, 
sites 6C and 7B in August 1988, and at site 7B in Sep­ 
tember 1989. Typically, the anoxic conditions were 
localized very near the reservoir bottom. The most 
extensive period of anoxia was during the summer of 
1988. In August 1988, the bottom 12 ft of site 6C and 
the bottom 30 ft of site 7B were completely anoxic.

An empirical evaluation of available outflow, 
storage, and dissolved-oxygen data indicates that the 
onset of depleted dissolved-oxygen concentrations in 
the hypolimnion is related to the amount of flow- 
through that occurs during the snowmelt period, which 
generally occurs during June. Cole and Hannan (1990) 
reported the following: (1) anoxia typically originates 
near the plunge point in the upstream end of many res­ 
ervoirs and (2) anoxia occurs sooner during high flows 
because of more rapid displacement of cold hypolim- 
netic water with warmer water that has smaller 
dissolved-oxygen concentrations. Anoxia in Pueblo 
Reservoir does not originate in the upstream end near 
the plunge point because the inflow is cold and well 
oxygenated. Additionally, the inflow contains rela­ 
tively little organic material and has a relatively small 
biochemical oxygen demand. During 1988, when 
hydraulic residence times were substantially longer 
than during 1985 through 1987 and 1989, low 
dissolved-oxygen concentrations occurred sooner, 
affected a larger part of the hypolimnion, and resulted 
in a larger anoxic zone. The onset of low dissolved- 
oxygen concentrations in Pueblo Reservoir typically 
occurs downstream from transect 5 and results from the 
impedance of mixing of deeper hypolimnetic water 
with the overlying oxygenated density currents of the 
inflow and outflow zones and the epilimnion. This 
mixing impedance limits reaeration of depleted 
hypolimnetic dissolved-oxygen concentrations that 
result from the decomposition of organic material in 
the water column and at the sediment-water interface of 
the reservoir bottom. The deeper hypolimnetic water 
can be more easily mixed or flushed as part of the out­ 
flow by large inflows and outflows than by smaller 
flows.

The pH of water in Pueblo Reservoir typically 
varies spatially and seasonally, and typically ranges 
from 7.5 to 9.0. Generally, pH values are largest near

the reservoir surface and decrease with increasing 
depth. Variations in pH with depth decrease during 
well-mixed conditions and increase with the onset of 
strong thermal stratification.

Dissolved-oxygen and pH-measurement profiles 
of Pueblo Reservoir for March, June, August, and 
October 1987 illustrate the typical spatial and temporal 
patterns of dissolved-oxygen concentrations and pH 
that occur annually (fig. 10). The March profile is rep­ 
resentative of early spring conditions when the reser­ 
voir is beginning to warm but is still generally well 
mixed. During this period, the primary effects on dis­ 
solved oxygen and pH within the water column proba­ 
bly are aeration of the surface water because of wind 
and wave action and oxygen consumption at the 
sediment-water interface because of decomposition of 
organic material and respiration. Some decrease in 
dissolved-oxygen concentrations occurs with depth 
apparently because of the limits of vertical mixing. 
The consumption of dissolved oxygen by the oxidation 
of organic material and the respiration of plants and 
animals occur at a faster rate than the oxygen can be 
supplied by vertical mixing or inflowing upstream 
water at depths below the euphoric zone (Wetzel, 
1983). These oxidative process demands for dissolved 
oxygen are most intense at the sediment-water inter­ 
face on the reservoir bottom, where settling organic 
material accumulates (Wetzel, 1983). The March pH 
profile indicates the water column was well mixed with 
respect to pH, and the only change in pH with depth 
occurred in the upstream part of the reservoir. The June 
profiles are representative of the early summer period 
when strong thermal stratification develops, and pri­ 
mary productivity by phytoplankton is occurring at rel­ 
atively high rates. Because of the strong thermal 
stratification, vertical mixing and redistribution of dis­ 
solved oxygen within the water column are limited to 
the epilimnion, and dissolved-oxygen concentrations 
decrease substantially from the supersaturated condi­ 
tions at the reservoir surface to concentrations much 
less than saturation in the hypolimnion. During the 
summer, the pH of the water column decreases with 
depth. The consumption of carbon dioxide during pho­ 
tosynthesis increases the pH in the epilimnion, whereas 
the release of carbon dioxide during respiration 
decreases pH in the metalimnion and hypolimnion 
(Wetzel, 1983). The August dissolved-oxygen profile 
indicates that supersaturated dissolved-oxygen concen­ 
trations continue to occur in the epilimnion because of 
photosynthesis by phytoplankton. Dissolved-oxygen 
concentrations decrease with depth and are nearly 
depleted near the reservoir bottom. In 1985 through 
1989, the dissolved-oxygen minimum generally 
occurred in the hypolimnion at transects 6 and 7 during
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Figure 10. Selected monthly dissolved-oxygen concentration and pH-measurement profiles of Pueblo Reservoir, 
March, June, August, and October 1987.
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August. The August 1987 dissolved-oxygen profile 
indicates concentrations also were nearly depleted in 
the downstream part of the reservoir near the ther- 
mocline. The settling rate of organic matter, phy- 
toplankton, and zooplankton in reservoirs is slowed 
when it encounters the more dense metalimnetic water, 
thus, potentially allowing more time for oxygen- 
consuming decomposition and respiration (Gordon and 
Skelton, 1977). By October, the reservoir undergoes 
fall turnover, thus eliminating strong thermal stratifica­ 
tion and redistributing dissolved oxygen throughout 
the water column. A decrease in photosynthesis rates 
in the colder months results in dissolved-oxygen con­ 
centrations less than saturation and pH values that vary 
little with depth.

Relatively small diel variations in dissolved- 
oxygen concentrations and pH occur in Pueblo Reser­ 
voir during the summer (Edelmann and others, 1991). 
Diel variations that do occur in reservoirs have been 
attributed to diel changes in rates of photosynthesis and 
respiration within the water column (Goldman and 
Home, 1983). During daylight hours, photosynthesis 
typically results in increases in dissolved-oxygen con­ 
centrations and pH within the euphotic zone. During 
nighttime hours, photosynthesis ceases and respiration 
results in decreases in dissolved oxygen and pH in the 
euphotic zone.

Dissolved Solids

Dissolved solids is a measure of the quantity of 
dissolved minerals in water and is used as a measure of 
inorganic water quality. Large concentrations of 
dissolved solids can adversely affect water quality for 
irrigation and municipal use. The major dissolved sol­ 
ids in Pueblo Reservoir include the major ions: cal­ 
cium, magnesium, sodium, potassium, bicarbonate, 
sulfate, and chloride. A statistical summary of 
dissolved solids and major-ion concentrations in the 
upstream (site 3B), middle (site 5C), and downstream 
(7B) parts of Pueblo Reservoir is provided in table 2. 
The concentrations of dissolved solids in Pueblo Res­ 
ervoir can be affected by the concentration of dissolved 
solids entering the reservoir from the Arkansas River, 
reservoir evaporation, diffusion of bottom-sediment 
pore water, and geochemical controls on mineral solu­ 
bilities.

Concentrations of most water-quality constitu­ 
ents flowing into Pueblo Reservoir can be estimated 
with data collected from the Arkansas River about 
10 mi upstream from the reservoir (station 07097000, 
Arkansas River at Portland); this is not the case for dis­ 
solved solids because dissolved-solids concentrations

increase by about 10 percent between station 07097000 
and the reservoir. Dissolved-solids samples collected 
at sites IB and 7B in 1986 and 1987 were used to esti­ 
mate concentrations of dissolved solids in the reservoir 
inflow and outflow, respectively. The median 
dissolved-solids concentrations for sites IB and 7B 
during 1986 through 1987 were 224 mg/L and 
262 mg/L, respectively. A statistical analysis of the 
dissolved-solids concentrations using the Mann- 
Whitney test indicates the increase in dissolved-solids 
concentrations is not significant (p-value = 0.28).

The major-ion composition of water samples 
from the upstream, middle, and downstream parts of 
Pueblo Reservoir (sites 3B, 5C, and 7B) are very simi­ 
lar to one another (table 2). Calcium is the dominant 
cation, and bicarbonate and sulfate are the codominant 
anions (based on milliequivalents per liter) throughout 
the reservoir. Relations of dissolved-solids and major- 
ion concentrations to specific conductance were devel­ 
oped for Pueblo Reservoir (table 3). The relations were 
developed using least-squares regression with a com­ 
posite of all data collected at sites 3B, 5C, and 7B dur­ 
ing 1986 through 1989. All of the equations are 
significant at the 99-percent confidence level and have
coefficients of determination (r2) greater than 0.65, 
which indicates that dissolved-solids concentrations 
and individual major-ion concentrations may be accu­ 
rately estimated with specific-conductance measure­ 
ments.

A comparison of major-ion concentrations for 
water samples collected near the reservoir surface and 
near the reservoir bottom indicates that concentrations 
of samples collected near the reservoir bottom gener­ 
ally are larger than those collected near the surface. 
However, the vertical variability in most major-ion 
concentrations generally is not statistically significant 
when measured with the Mann-Whitney statistical test 
(95-percent confidence). Differences between calcium 
concentrations at the surface and bottom at site 7B and 
bicarbonate concentrations at the surface and bottom at 
site 3B were significantly different. Geochemical con­ 
trols might affect the concentrations of calcium within 
the water column. Modeling of water analyses with the 
geochemical model WATEQ4F (Ball and Nordstrom, 
1991) indicates much of the reservoir typically is 
supersaturated with calcite, the major source of cal­ 
cium, throughout the year. Quite often during the sum­ 
mer when pH values near the reservoir bottom decrease 
to less than about 7.8, calcite is undersaturated and may 
result in dissolution of calcite; therefore, calcium con­ 
centrations near the reservoir bottom often are signifi­ 
cantly larger than near the surface. In other reservoirs, 
larger bicarbonate concentrations near the reservoir 
bottom than near the surface have been indicated to be
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Table 2. Statistical summary of dissolved-solids and major-ion concentrations in Pueblo Reservoir, 1986 through 1989

[All concentrations are in milligrams per liter]

Constituent

Dissolved solids

Calcium

Magnesium

Sodium

Potassium

Bicarbonate

Sulfate

Chloride

Sampling 
site1

3B

5C
7B

3B
5C
7B

3B
5C
7B

3B
5C
7B

3B
5C
7B

3B
5C
7B

3B
5C
7B

3B

5C
7B

Number of 
analyses

44

44
41

46

42
44

46
40

44

46
40

44

46
42
44

22
27

22

48
48
43

46

42
44

Mean

261
257
269

51
49
52

14
13

14

19
17

19

2.8
2.6
2.7

132
106
129

101
99

106

6.6
6.0
6.5

Standard 
deviation

85.3
55.8
50.4

13.7
8.5
8.1

5.6
3.6
2.9

7.9
4.6

4.7

0.91
0.57
0.49

35.3
20.6
21.2

43.4
28.7
27.3

2.3
1.6
1.6

TWenty- 
fifth 

percentile

204

225
233

40

43
47

10
10

12

15
14

16

2.3
2.2
2.3

94
110
108

73
83
84

5.0
5.1
5.0

Median

251

256
271

50
48

52

13
1-2

14

1818'

20

2.8
2.6
2.9

140

131
134

97
97

104

6.2
5.9
6.3

Seventy- 
fifth 

percentile

338
303
317

62
56
59

18
15

17

25
21

22

3.5
3.0
3.2

164
149
144

124
117
126

8.4
7.1
8.2

'Sampling site location shown in plate 1.

the result of uptake of CC>2 during photosynthesis by 
phytoplankton near the reservoir surface (Palmer, 
1977).

Differences between major-ion concentrations of 
reservoir water samples collected in 1986 through 1989 
during May through August and those collected during 
September through April were evaluated to determine 
if major-ion concentrations vary seasonally (table 4). 
Large streamflows in the Arkansas River during May 
through August result in smaller major-ion concentra­ 
tions entering the reservoir than during September

through April, when streamflows are low. Major-ion 
concentrations of reservoir water samples during May 
through August were smaller than those during Sep­ 
tember through April at sites 3B, 5C, and 7B. Most of 
the differences in seasonal concentrations at sites 3B 
and 5C are statistically significant when measured with 
the Mann-Whitney statistical test (table 4). However, 
the seasonal differences in major-ion concentrations at 
site 7B generally were not statistically significant pos­ 
sibly because of mixing induced by fall turnover or res­ 
ervoir withdrawals.
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Table 3. Relations of dissolved-solids and major-ion 
concentrations to specific conductance in Pueblo Reservoir

[All dependent variable concentrations in milligrams per liter; SC, specific 
conductance in microsiemens per centimeter at 25 degrees Celsius]

Dependent 
variable 

00

Dissolved solids
Calcium
Magnesium 
Sodium
Potassium
Bicarbonate
Sulfate
Chloride

Num­ 
ber of 
values

129
132
130 
130
132
71

128
132

Coefficients in 
regression 
equation 

Y = a + b(SC)

a

-21.8
8.45

-2.95 
-5.56

-.0224
23.5
-29.7

-.593

b

0.666
.097
.038 
.056
.006
.232
.305
.016

cient of

minatlon 
(f2)

0.99
.89
.86 
.92
.88
.68
.85
.78

Nitrogen and Phosphorus

Nitrogen and phosphorus species, commonly 
referred to as major nutrients, often are the plant nutri­ 
ents most likely to limit phytoplankton growth. As 
nutrient concentrations increase, lake and reservoir 
productivity increases during a process known as 
eutrophication. Nutrient enrichment of a reservoir is 
greatly affected by the nature of the drainage basin, 
because the basin often is a major source of the nutri­ 
ents, organic matter, and sediment that enters a reser­ 
voir (Cooke and others, 1986). The application of 
fertilizers and discharges of municipal wastewater 
often are the sources of increased nutrient loads to 
many lakes and reservoirs. The major sources of nutri­ 
ents in Pueblo Reservoir probably are the Arkansas 
River drainage basin and nutrient releases from the res­ 
ervoir bottom sediments. The major sinks for nutrients 
in the reservoir include biological uptake and conver­ 
sion, burial of nutrient-containing sediment and 
organic matter in reservoir bottom sediments, and out­ 
flow from the reservoir.

Nitrogen in freshwater occurs as dissolved 
molecular nitrogen, ammonia, nitrate, nitrite, urea, and 
dissolved organic nitrogen compounds. Dissolved 
inorganic nitrogen, which includes ammonia and 
nitrate, is the major nitrogen form that is readily avail­ 
able to bacteria, fungi, and plant growth in aquatic eco­ 
systems (Goldman and Home, 1983). Wetzel (1983) 
reported that the total phosphorus content of lake water, 
which includes dissolved and particulate inorganic and 
organic forms, is considered the most important phos­ 
phorus quantity relative to the overall metabolic

Table 4. Results of Mann-Whitney test of seasonal 
differences between dissolved-solids concentrations in 
Pueblo Reservoir, 1986 through 1989

[HS, highly significant (p < 0.01); S, significant (p < 0.10); NS, not 
significant (p > 0.10)]

Sampling 
site1

3B
5C
7B

3B
5C
7B

Median concentration, 
in milligrams per liter

May - September - 
August April

Dissolved solids

205 343
232
260

41
45
50

292
289

Calcium

63
54
55

0.00
.00
.19

.00

.00

.24

Signifi­ 
cance of 
concen­ 
tration 

difference

HS
HS
NS

HS
HS
HS

Magnesium

3B

5C
7B

3B
5C
7B

3B
5C
7B

10
12
14

15
16
19

2.4
2.2
2.6

18
15
15

Sodium

25
21
21

Potassium

3.5
3.0
2.9

.00

.00

.07

.00

.00

.32

.00

.00

.16

HS
HS

S

HS
HS
NS

HS
HS
NS

Bicarbonate
3B
5C
7B

3B
5C
7B

3B
5C
7B

91
105
120

75
86

100

5.5
5.2
6.4

155
140
140

Sulfate

125
110
110

Chloride

8.5
6.4
6.2

.01

.02

.13

.00

.00

.29

.00

.01

.50

S
S

NS

HS
HS
NS

HS
S

NS
'Sampling site location shown in Plate 1.

characteristics of a lake. But, with respect to reservoir 
productivity and eutrophication, orthophosphorus is 
the phosphorus form of most concern, because it is 
immediately available for algal production (Walter 
Rast, United Nations Environmental Programme, writ­ 
ten commun., 1993).
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Demands are placed on nutrient concentrations 
in the euphotic zones of temperate-zone reservoirs 
(such as Pueblo Reservoir) by phytoplankton during 
intense periods of growth or blooms, which typically 
begin in the spring and continue into fall (Goldman and 
Home, 1983). The demand on nutrient concentrations 
generally decreases substantially during the colder 
months, typically October through April, when sun­ 
light and water temperatures decrease. During the 
summer in biologically productive reservoirs, when 
thermal stratification is well established in the reservoir 
and dissolved-oxygen concentrations become very low 
or depleted in the hypolimnion, mobilization of nutri­ 
ents from the bottom sediments occurs. The nutrients 
released from the bottom sediments may be discharged 
from the reservoir in deep-water withdrawals or redis­ 
tributed throughout the water column following fall 
turnover.

In 1986 through 1989, the median concentration 
of dissolved inorganic nitrogen at sites 3B, 5C, and 7B 
ranged from 0.07 to 0.10 mg/L near the surface and 
from 0.19 to 0.30 mg/L near the bottom during May 
through September (fig. 11). Inorganic nitrogen con­ 
centrations in water samples collected from near the 
reservoir surface did not vary much between the 
upstream and downstream parts of the reservoir and 
generally were smaller than the dissolved inorganic 
nitrogen concentrations in samples collected near the 
bottom of the reservoir during May through September 
probably because of biological uptake of nitrogen in 
the epilimnion, underflow of nitrogen from the Arkan­ 
sas River, and bottom-sediment releases of ammonia. 
The effect of bottom releases of nitrogen to the 
hypolimnion is most evident at site 7B, where inor­ 
ganic nitrogen concentrations were substantially larger 
than at sites 3B and 5C. During October through April, 
the median dissolved inorganic nitrogen concentrations 
ranged from 0.17 to 0.24 mg/L near the surface and 
near the bottom (fig. 11). There is little variation 
between the surface and bottom concentrations of dis­ 
solved inorganic nitrogen during October through 
April, because (1) the reservoir generally is well mixed 
following fall turnover, (2) the reservoir is well oxy­ 
genated, thus, decreasing the flux rate of nitrogen from 
the bottom sediments, and (3) the biological uptake of 
nitrogen in the euphotic zone is decreased during the 
colder months.

In 1986 through 1989, the median concentration 
of total phosphorus at sites 3B, 5C, and 7B ranged from 
0.015 to 0.04 mg/L near the reservoir surface and from 
.032 to .053 mg/L near the reservoir bottom during 
May through September (fig. 12). During October 
through April, median concentrations of total phospho­ 
rus ranged from .013 to .031 mg/L near the reservoir

surface and from .012 to .039 mg/L near the reservoir 
bottom (fig. 12). Total phosphorus concentrations typ­ 
ically are larger during May through September than 
during October through April. The seasonal variation 
probably is caused by larger phosphorus concentrations 
in the inflow during May through September and 
releases of phosphorus from the bottom sediments dur­ 
ing the summer. Throughout the year, concentrations 
of total phosphorus decrease in a downstream direction 
probably because of sedimentation of the paniculate 
matter on which phosphorus is sorbed and uptake of 
dissolved phosphorus by phytoplankton. Concentra­ 
tions of total phosphorus typically are larger near the 
reservoir bottom than near the surface probably 
because of underflow of phosphorus from the Arkansas 
River, settling of particulate matter, phosphorus 
releases from the bottom sediments, and photosyn- 
thetic demands for dissolved orthophosphate by phy­ 
toplankton in the euphotic zone.

Dissolved orthophosphorus data collected in 
1987 and 1989 indicate concentrations near the reser­ 
voir surface decrease downstream from the upper part 
of the reservoir (site 3B, fig. 13). The decrease proba­ 
bly results from uptake and removal of most of the 
incoming orthophosphorus by phytoplankton in the 
euphotic zone in the upstream end of the reservoir. 
This is consistent with the concept of longitudinal 
chemical and biological zonation in a reservoir 
reported by Kimmel and others (1990), which suggests 
that the largest phytoplankton production occurs just 
downstream from the "plunge point" in a reservoir 
and decreases toward the dam end of a reservoir. 
Dissolved-orthophosphate concentrations near the res­ 
ervoir bottom changed very little throughout the reser­ 
voir. The lack of variation in dissolved-orthophosphate 
concentration near the reservoir bottom probably is the 
result of the lack of biological uptake of nutrients in the 
hypolimnion and the flux of phosphorus from the bot­ 
tom sediments replenishing the phosphorus that sorbs 
to particulate matter and settles from the water column.

Nutrient loading to Pueblo Reservoir was ana­ 
lyzed for 1986 and 1987 (table 5). Total-nitrogen and 
total-phosphorus loads were computed for two periods: 
(1) the more biologically active period, May through 
September, and (2) the colder, less biologically active 
period, October through April. Data for the computa­ 
tion of nutrient loads in the reservoir inflow and out­ 
flow were collected at Arkansas River at Portland 
(station 07097000) and Arkansas River above Pueblo 
(station 07099400), respectively. Loads were com­ 
puted as the product of total streamflow and the median 
nutrient concentration for each period. Loads were 
computed for the two periods to account for any sea-
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Figure 11. Dissolved-inorganic nitrogen concentrations in Pueblo Reservoir near the reservoir 
surface and near the reservoir bottom, 1986 through 1989.

sonal differences in streamflow and subsequently in 
nutrient loads.

Comparison of estimated nutrient loads in the 
inflow and outflow indicate the reservoir retained about 
359 tons of nitrogen and about 203 tons of phosphorus 
during 1986 and 1987 (table 5). The nutrients retained 
represent about 35 percent of the total nitrogen and 
about 83 percent of the total phosphorus load to the res­ 
ervoir. Most of the total nitrogen load is in the form of 
dissolved nitrogen and is less subject to removal by 
sedimentation. Most of the total phosphorus load is in 
the paniculate form and settles from the water column 
within the reservoir. About 52 percent of the total 
annual nitrogen load and about 78 percent of the total 
annual phosphorus load in the reservoir inflow entered 
during May through September. The larger nutrient 
loads during this period largely are a function of 
increased streamflow during the snowmelt- and 
summer-storm-runoff periods.

Flux of nutrients from the reservoir bottom sedi­ 
ments can constitute a substantial nutrient load for the 
reservoir. Flux rates for inorganic nitrogen and phos­ 
phorus from the bottom sediments to the water column 
were estimated from samples of bottom-sediment inter­ 
stitial pore water that were collected from several loca­ 
tions in the reservoir during 1987, 1988, and 1990. 
Flux rates were calculated with the equation for Pick's 
first law (Thibodeaux, 1979). In the six samples col­ 
lected and analyzed for inorganic nitrogen, the mean 
concentration of inorganic nitrogen in the upper 1 cm 
of the sediment was 1.8 mg/L. The mean inorganic 
nitrogen concentration in the overlying hypolimnion 
was 0.03 mg/L. The mean flux rate for inorganic nitro-

*y

gen was estimated to be about 30 mg/m /day. In four 
bottom-sediment samples, the mean inorganic phos­ 
phorus concentration in the upper 1 cm of the sediment 
was 0.09 mg/L. The mean inorganic phosphorus 
concentration in the overlying hypolimnion was
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Figure 12. Total phosphorus concentrations in Pueblo Reservoir near the reservoir surface and near 
the reservoir bottom, 1986 through 1989.

0.007 mg/L. The mean flux rate for the four samples
f\

was about 0.44 mg/m /day. Because of the small num­ 
ber of samples collected, the above mean flux rates 
might not represent the spatial and temporal variation 
in nutrient flux rates that are expected to occur in the 
reservoir and, therefore, were not used to estimate 
annual nutrient-load contributions from the bottom 
sediments. The samples for these estimates were col­ 
lected in August, September, and October during peri­ 
ods when dissolved-oxygen concentrations were less 
than 3 mg/L in the hypolimnion. Flux rates are

expected to decrease during the well-oxygenated peri­ 
ods and increase during periods of complete and pro­ 
longed anoxia. Therefore, nutrient flux from the 
bottom sediments can represent a substantial nutrient 
source for the reservoir during the summer and fall, 
especially during anoxic periods in the hypolimnion.

Although major nutrients, trace elements, light 
availability, and temperature are all important growth- 
regulating variables for phytoplankton in lakes and res­ 
ervoirs, it is widely accepted that the major nutrients, 
phosphorus and nitrogen, are the most common
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Figure 13. Dissolved-orthophosphorus concentrations in Pueblo Reservoir near the reservoir surface and 
near the reservoir bottom, 1987 and 1989.

Table 5. Estimated loads of total nitrogen and total 
phosphorus in Pueblo Reservoir inflow and outflow, 1986 
and 1987

Constituent load, in tons

Total nitrogen Total phosphorus

Inflow Outflow Inflow Outflow

May - September 
October - April 
Total

528 
479

1,007

486 
162
648

189 
54.6

243.6

32 
8.6

40.6

growth-limiting variables for phytoplankton (Goldman 
and Home, 1983; Wetzel, 1983; Ryding and Rast, 
1989). Dissolved-orthophosphate concentrations and 
the sum of dissolved ammonia and dissolved nitrite- 
plus-nitrate concentrations for water samples collected 
near the surface of Pueblo Reservoir in 1987 and 1989 
were evaluated to determine if phosphorus or nitrogen 
concentrations limited phytoplankton growth in the 
reservoir. Absolute concentrations of biologically 
available nitrogen and phosphorus were first reviewed 
to determine if either nutrient had been depleted to 
algal growth-limiting levels. If the sum of dissolved 
nitrite- plus-nitrate and dissolved ammonia as nitrogen

is less than 0.020 mg/L, then nitrogen is likely to be a 
limiting nutrient. If dissolved-orthophosphate concen­ 
trations are less than about 0.010 mg/L, then phospho­ 
rus is likely to be a limiting nutrient (Ryding and Rast, 
1989). After reviewing the absolute concentrations of 
biologically available nutrients, mass ratios of the bio­ 
logically available concentrations (N:P) were evalu­ 
ated.

Based on analysis of the phosphorus and nitro­ 
gen content of plankton cells, Redfield and others 
(1963) determined that, on average, phytoplankton uti­ 
lize these nutrients in a mass ratio of 7.2N: IP. If the 
ratio of the biologically available nitrogen and phos­ 
phorus (N:P) in the waterbody is less than about 7.2, 
nitrogen is a potentially limiting nutrient; if N:P is 
greater than about 7.2, phosphorus is a potentially lim­ 
iting nutrient. If N:P is about 7.2, then both nutrients 
or some other factor may be limiting phytoplankton 
growth. Biologically available nitrogen is the sum of 
dissolved ammonia, nitrite, and nitrate, while biologi­ 
cally available phosphorus is dissolved orthophospho- 
rus. Although N:P may vary between species, it 
generally is agreed upon that a mass ratio of biologi­ 
cally available nutrients of about 7-8N: IP is a "reason-
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able approximate boundary for defining the potential 
limiting nutrient" (Ryding and Rast, 1989).

None of the water samples collected in 1987 and 
1989 at sampling sites 3B, 5C, and 7B had cumulative 
concentrations of dissolved ammonia and dissolved 
nitrite plus nitrate less than the growth-limiting level 
for phytoplankton, 0.020 mg/L (table 6). Thirty-six 
percent of the samples for site 3B, 73 percent of the 
samples at site 5C, and 64 percent of the samples at 
site 7B had dissolved-orthophosphate concentrations 
less than or equal to the growth-limiting levels for phy­ 
toplankton, 0.010 mg/L (table 6). Values for N:P 
ranged from 2 to 146 for the 32 samples collected 
(table 6). Several N:P values are reported greater than 
the reported value because the orthophosphate concen­ 
trations were reported as less than the level of detec­ 
tion. At site 3B, 8 of the 11 samples collected had N:P 
values greater than 8, the level at which phosphorus 
may be a limiting nutrient to phytoplankton growth. 
All 11 samples collected for site 5C had N:P values 
larger than 8. At site 7B, 9 of the 10 samples collected 
had N:P values larger than 8. The large percentage of 
phosphorus concentrations less than the growth- 
limiting level and the large percentage of N:P values 
greater than 8 indicate that phosphorus concentrations

in Pueblo Reservoir commonly are present at levels 
that may potentially limit phytoplankton growth. In the 
samples collected, nitrogen concentrations do not seem 
to be potentially limiting for phytoplankton growth.

Trace Elements

Trace elements occur in relatively small concen­ 
trations (commonly less than 1 mg/L). Trace-element 
concentrations were analyzed from water samples col­ 
lected near the reservoir surface and near the reservoir 
bottom. Concentrations of trace elements in Pueblo 
Reservoir can be affected by concentrations entering 
the reservoir from the Arkansas River, by settling of 
suspended sediment from the water column, by mobili­ 
zation of trace elements from the bottom sediments, 
and by biologically mediated reactions. Additionally, 
Goldman and Home (1983) reported that the absolute 
and biologically available quantities of many trace ele­ 
ments are subject to spatial and temporal variations as 
a result of variations in the physiochemical environ­ 
ment of the water column.

A statistical summary of total-recoverable and 
dissolved trace-element concentrations in Pueblo Res-

Table 6. Concentrations of biologically available nitrogen and phosphorus and N:P values for Pueblo Reservoir, 1987 
and 1989

[N, dissolved-inorganic nitrogen; P, dissolved orthophosphorus; N:P, mass ratio of dissolved-inorganic nitrogen and dissolved orthophosphorus; 
mg/L, milligrams per liter; <, less than; >, greater than; --, missing data]

Sampling site1

Sample 3B
period     -        -            

(mg/L) (mg/L) N:P

5C

N P jj.p 
(mg/L) (mg/L)

N 
(mg/L)

7B

P 
(mg/L)

N:P

April
May
June
July
August
September
October

1987
0.35

.21

.079

.11

.059

.021

.070

0.019
.024
.009
.017

<.001

<.001
<.001

18 
8.6 
8.8 
6.6 

>59

>70

0.25
.034
.032
.050
.034
.041

.38

0.009 
<.001 
<.001 
<.001 
<.001 
<.001 

.013

28 
>34 
>32 
>50
>34

29

0.058
.076
.034
.033
.045
.10

1989

0.006 
<.001 
<.001

.017 
<.001 
<.001

.001

>58 
>76

2.0 
>33 
>45 
102

May
June
August
September

.0%

.15

.20

.070

.025

.013

.020

.021

3.8
12
10
3.3

.17

.15

.064

.15

.016

.001

.005

.016

11
146

13
9.4

.22

.15

.17

.32

.018

.012

.005

.014

12
13
33
23

Sampling site location shown in plate 1.
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ervoir at sampling sites 3B, 5C, and 7B is listed in 
table 7. The trace elements that occurred in the largest 
concentrations are barium, iron, manganese, and zinc. 
A comparison of total-recoverable and dissolved con­ 
centrations of these predominant trace elements indi­ 
cates that less than 50 percent of the iron, manganese, 
and zinc concentrations are dissolved, which indicates 
that a large percentage of the predominant trace ele­ 
ments in Pueblo Reservoir are sorbed to suspended sed­ 
iment that is transported into the reservoir by the 
Arkansas River. The concentrations of total iron, man­ 
ganese, and zinc are subject to substantial decreases 
within the reservoir as the suspended sediment settles 
from the water column. Most of the iron, manganese, 
and zinc transported into the reservoir settles out of the 
water column by transect 4 (fig. 14). Between the 
upstream and downstream parts of the reservoir, the 
concentrations of total iron, manganese, and zinc 
decrease by more than 50 percent. More than 80 per­ 
cent of the total barium concentration and generally 
more than 50 percent of the total concentration of the 
less prevalent trace elements are dissolved; therefore, 
their concentrations are less subject to decreases 
because of the settling of suspended sediment. Con­ 
centrations of the other trace elements generally do not 
vary substantially between the upstream and down­ 
stream parts of the reservoir (table 7).

Concentrations of many trace elements vary 
seasonally and spatially in Pueblo Reservoir (table 8). 
Concentrations of iron, manganese, and zinc in the 
Arkansas River inflow vary proportionally with 
suspended-sediment concentrations (Horowitz and 
others, 1992). Suspended-sediment concentrations are 
largest in the Arkansas River from mid- to late April 
through August, during periods of runoff associated 
with snowmelt or intense summer thunderstorms; thus, 
the largest concentrations of iron, manganese, and zinc 
enter the reservoir during this period. The smallest 
concentrations of iron, manganese, and zinc in the 
Arkansas River inflow generally occur with the small­ 
est streamflows during September through March. 
Barium and other trace elements, which occur predom­ 
inantly in the dissolved form, exhibit much less sensi­ 
tivity to seasonal relations involving streamflow and 
sediment concentrations (table 8). Settling of sus­ 
pended sediment and underflow of the Arkansas River 
results in larger total concentrations of the major trace 
elements near the reservoir bottom than near the sur­ 
face during the summer and winter (table 8). Concen­ 
trations of dissolved trace elements also are affected to 
some degree by flow patterns of the Arkansas River 
within the reservoir. Underflow with large concentra­ 
tions of dissolved trace elements may contribute to

larger trace-element concentrations near the reservoir 
bottom than near the surface.

Releases of some trace elements from bottom 
sediments can contribute substantially to trace-element 
concentrations in the overlying hypolimnion. Rela­ 
tively large concentrations of dissolved manganese 
occurred during the summer and fall near the reservoir 
bottom in the downstream part of the reservoir 
(transects 6 and 7). During August 1987 and Septem­ 
ber 1988, dissolved-manganese concentrations near the 
reservoir bottom at transect 7 were 590 and 530 jlg/L, 
respectively. Dissolved-oxygen concentrations were 
virtually depleted during both periods. The concentra­ 
tion increases seem to be caused by releases from the 
bottom sediments. The increases in manganese con­ 
centrations were substantially larger than the increases 
in iron concentrations, because manganese is reduced 
and mobilized at a higher redox potential than iron 
(Wetzel, 1983). Prolonged and severe anoxic condi­ 
tions would be expected to result in large releases of 
iron and manganese from the bottom sediments. 
Releases of manganese from the bottom sediments 
diminish after fall turnover mixes the deepest waters of 
the reservoir with well-oxygenated water from near the 
surface. Turnover typically is complete by mid- to late 
October.

Flux rates for iron and manganese were esti­ 
mated from reservoir bottom-sediment samples col­ 
lected in 1987 and 1988. As with the previously 
discussed flux of nutrients from bottom sediments, iron 
and manganese flux rates were calculated with the 
equation for Pick's first law (Thibodeaux, 1979). The 
interstitial pore water of the sediment samples was ana­ 
lyzed for dissolved manganese and iron. In the five 
samples collected, dissolved-iron concentrations in the 
upper 1 cm of the bottom sediments ranged from 2,100 
to 7,500 jlg/L, and the average was 4,500 jlg/L. 
Dissolved-iron concentrations below 1 cm in the bot­ 
tom sediments generally were much larger but highly 
variable. Dissolved-iron concentrations in the overly­ 
ing hypolimnion averaged about 10 |lg/L, which indi­ 
cates that a strong gradient exists for iron flux from the 
bottom sediments to the water column. The average 
iron flux rate for the five samples collected was calcu-

*?

lated to be about 18,700 jj,g/m /day. Manganese con­ 
centrations in the upper 1 cm of the five bottom- 
sediment samples collected ranged from 20 to 
9,000 Hg/L, and the average concentration was 
3,600 jJ-g/L. As with iron, manganese concentrations 
below the 1-cm level in the bottom sediments were 
larger but highly variable. The average manganese 
concentration in the overlying hypolimnion was about 
120 jig/L. The average calculated flux rate of manga-
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Table 7. Statistical summary of total-recoverable and dissolved trace-element concentrations in Pueblo Reservoir, 
1986 through 1989

[ug/L, micrograms per liter;  , insufficient data to calculate statistic]

Constituent

Arsenic, dissolved (|ig/L)

Arsenic, total (|ig/L)

Barium, dissolved (|ig/L)

Barium, total recoverable (|ig/L)

Cadmium, dissolved (|ig/L)3

Cadmium, total recoverable (|ig/L)

Chromium, dissolved (|ig/L)

Chromium, total recoverable (|ig/L)

Copper, dissolved (ng/L)

Copper, total recoverable (|ig/L)

Sampling 
site1

3B

5C
7B

3B

5C
7B

3B
5C
7B

3B

5C
7B

3B
5C
7B

3B
5C
7B

3B

5C
7B

3B

5C
7B

3B

5C
7B

3B
5C

7B

Number of 
analyses

44

43

41

44
44

42

46

44

42

45

45

42

46

46

44

46

46

44

46

46

44

46

46

44

46

45

43

46

46

44

Number of 
analyses less 
than detection 

level2

32
32
31

20

32
24

0
0
0

0

0
0

27
27
24

46
46

44

26

26
22

7

12

13

4

6
4

29
28

28

IWenty- 
fifth 

percentile

0.34
.29

.26

.60

.26

.53

54
49
50

70
60
60

.18

.29

.19

__
--
-

.53

.44

.52

1.5

.99
1

1.8
2
1

3.5
3

2.5

Median

0.59
.54

.50

1
.53
.85

66
61
60

80

70
75

.41

.59

.47

 
-
--

.87

.85

.91

2.7

1.7
1.7

2
2
2

5.6
5.3

4.3

Seventy- 
fifth 

percentile

1
1
.97

2

1

1.3

77
76
76

100

80
90

1
1.3
1.8

..
-
-

2
2
1.8

5.0

2.8
2.7

3
3
3

9.1
9.1

7.3
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Table 7. Statistical summary of total-recoverable and dissolved trace-element concentrations in Pueblo Reservoir, 
1986 through 1989 -Continued

Constituent

Iron, dissolved Oig/L)

Iron, total recoverable (jig/L)

Lead, dissolved Oig/L)

Lead, total recoverable Oig/L)

Manganese, dissolved (jig/L)

Manganese, total recoverable Oig/L)

Mercury, dissolved (^ig/L)

Mercury, total recoverable Oig/L)

Molybdenum, dissolved Oig/L)

Molybdenum, total recoverable Oig/L)

Sampling 
site1

3B
5C
7B

3B
5C
7B

3B
5C
7B

3B
5C
7B

3B

5C
7B

3B
5C

7B

3B
5C
7B

3B
5C
7B

3B
5C
7B

3B

5C
7B

Number of 
analyses

46
46
44

46
45
44

46

48
44

46
46
44

46
46

44

46
46

44

10
10
10

10
10
10

46
45
43

46

46
44

Number of 
analyses less 
than detection 

level2

0
2

0

0
0
0

29
32
21

35

34
34

1

2

2

0
0
0

10
10

10

9
10
9

0
0
0

0
0
0

Twenty- 
fifth 

percentile

9.5
9
9.3

147
75
60

0.37
.29
.59

1.8
1.6
1.6

6.5

2.8

3

24
12
8.7

 
~
--

 
-
-

6
7
7

7

6.8
7

Median

20
20
15

330
120
95

0.71
.64

1.5

2.7

2.4
2.2

27

9
7

73
26

26

 
--

-

 
-
-

7.5
8
8

9.5

8.5
9.5

Seventy- 
fifth 

percentile

32
31
25

1050
170
150

1.3
2
2

4.2
3.4
2.9

59
18

37

123
55

118

 
--

--

 
--
--

11
10
11

13

11
11
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Table 7. Statistical summary of total-recoverable and dissolved trace-element concentrations in Pueblo Reservoir, 
1986 through 1989 -Continued

Constituent

Nickel, dissolved (jig/L)

Nickel, total recoverable (ng/L)

Slenium, dissolved (jig/L)

Selenium, total (|ig/L)

Silver, dissolved (|ig/L)

Silver, total recoverable (jig/L)

Zinc, dissolved (jig/L)

Zinc, total recoverable (jig/L)

Sampling 
site1

3B

5C
7B

3B
5C
7B

3B
5C
7B

3B
5C
7B

3B

5C
7B

3B
5C
7B

3B

5C
7B

3B
5C
7B

Number of 
analyses

46
45
42

46
46
46

47
44
43

44
46
44

46
46
44

46
46
44

46

46
44

46
44

44

Number of 
analyses less 
than detection 

level2

1
2
4

19
20
23

0
0
0

1
0
0

38
34
34

46
46
44

21
24
22

6
18
17

Twenty- 
fitth 

percentile

3
4
3

6
5.6
6.1

1
2
2

2

2
2

0.19
.25
.25

 
-

--

1.5

1.5
1.2

10
5.2
6.5

Median

6
5
5.5

9.3
8
8

2
2
3

2
2
3

0.35
.45
.43

 
--
--

3.2

3.2
2.8

20
8.7
9.3

Seventy- 
fifth 

percentile

8.3
8.8
8

15
11
10

3
3
4

3
3
3

0.65
.79
.73

 
~
--

6.7
6.8

6.9

30
10
10

'Sampling site location shown in plate 1.
2If the constituent contained one or more measurements less than the detection level, then the statistic was estimated using the maximum like­ 

lihood method of Helsel and Conn (1988). If more than 85 percent of the measurements for a constituent were less than the detection level, the 
statistic could not be computed.

 *The concentrations of dissolved cadmium, lead, and silver reported greater than the analytical detection level have been regarded as question­ 
able by the Colorado Department of Health (written commun., 1989) because of comparison of these data to data analyzed by the Colorado Division 
of Wildlife from samples collected from the Arkansas River upstream from Pueblo Reservoir.
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Figure 14. Spatial and temporal variations in concentrations of total- 
recoverable iron, manganese, and zinc in Pueblo Reservoir, December 
1986 and June 1987.
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Table 8. A comparison of seasonal and spatial differences in trace-element concentrations in Pueblo Reservoir, 
1986 through 1989

[ug/L, micrograms per liter, Spring-Summer, samples collected April through August; Fall-Winter, samples collected September 
through March; <, less than; --, insufficient data to calculate statistic]

Constituent

Arsenic, dissolved (|ig/L)

Arsenic, total (Ug/L)

Barium, dissolved (Hg/L)

Barium, total recoverable (ng/L)

Chromium, dissolved (Ug/L)

Median concentration2 
Sampling stte^

Near reservoir surface

Spring-Summer

3B 0.12

5C .60

7B .39
Fall- Winter

3B <1

5C <1

7B <1
Spring-Summer

3B .94

5C .56

7B .56
Fall- Winter

3B <1
5C <1
7B 1
Spring-Summer

3B 51

5C 52

7B 54
Fall- Winter

3B 75

5C 70

7B 64

Spring-Summer

3B 70

5C 60

7B 70
Fall- Winter

3B 80
5C 70
7B 80
Spring-Summer

3B .80
5C .86
7B .91

Fall- Winter

3B .98
5C .97
7B 1.0

Near reservoir bottom

0.71
.60
.39

<1
<1
<1

1.5
.73
.74

1.5
<1

1.0

66
60
58

77
72
66

95
80
75

100
75
90

.70

.78
1.0

1.0
.97
.60
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Table 8. A comparison of seasonal and spatial differences in trace-element concentrations in Pueblo Reservoir, 
1986 through 1989 -Continued

Constituent

Chromium, total recoverable (^ig/L)

Copper, dissolved (jig/L)

Copper, total recoverable (jig/L)

Iron, dissolved (jig/L)

Iron, total recoverable (jig/L)

Sampling site1
Median concentration2

Near reservoir surface

Spring-Summer

3B
5C
7B

Fall-Winter

3B
5C
7B
Spring-Summer

3B

5C

7B
Fall-Winter

3B

5C

7B

Spring-Summer

3B
5C
7B

Fall-Winter

3B
5C
7B
Spring-Summer

3B
5C
7B

Fall-Winter

3B
5C
7B
Spring-Summer

3B
5C
7B

Fall- Winter

3B
5C
7B

2.0
1.5
1.3

2.0
1.0
2.0

2.5
2.0
3.0

3.0
3.0
2.0

2.7
4.0
4.7

3.2
6.1
4.6

20
20
11

20
10
18

180
85
70

90
75
70

Near reservoir bottom

4.0
1.9
1.8

3.0
1.0
2.0

2.0
2.0
2.0

3.0
2.0
3.0

6.0
6.0
3.6

6.0
5.4
5.5

13
25
20

10
10
16

1,600
170
130

530
125
150
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Table 8. A comparison of seasonal and spatial differences in trace-element concentrations in Pueblo Reservoir, 
1986 through 1989 -Continued

Constituent

Lead, dissolved (Hg/L)

Lead, total recoverable (ng/L)

Manganese, dissolved (Hg/L)

Manganese, total recoverable (jig/L)

Mercury, dissolved (ng/L)

Sampling site1               
Median concentration2

Near reservoir surface
Spring-Summer 

3B 

5C

7B
Fall-Winter

3B

5C

7B

Spring-Summer 

3B 

5C

7B
Fall-Winter

3B

5C

7B

Spring-Summer 

3B 

5C

7B
Fall-Winter

3B

5C

7B
Spring-Summer 

3B 

5C

7B
Fall-Winter

3B

5C

7B

Spring-Summer 

3B 

5C

7B
Fall-Winter

3B

5C

7B

.75 

.67
1.5

.61

.65
1.1

2.4 
1.7
~

<10
<10
<10

8.0 
3.5
2.5

9.0
3.0
2.5

32 
14
7.5

22
17
17

: ;
<i

<i
<i
< i

Near reservoir bottom

.93 

.68
1.1

<1
.65

1.1

3.7 
2.6
3.1

<10
<10
<10

70
32
14

44
12
95

160
75
83

86
38

150

< 1

<1

< 1
<1
< i
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Table 8. A comparison of seasonal and spatial differences in trace-element concentrations in Pueblo Reservoir, 
1986 through 1989 -Continued

Constituent

Mercury, total recoverable (^ig/L)

Molybdenum, dissolved (^ig/L)

Molybdenum, total recoverable Oig/L)

Nickel, dissolved (jig/L)

Nickel, total recoverable Oig/L)

Sampling site1
Median concentration2

Near reservoir surface

Spring-Summer 

3B 

5C

7B

Fall-Winter

3B

5C

7B

Spring-Summer 

3B 

5C

7B
Fall-Winter

3B

5C
7B
Spring-Summer 

3B 

5C

7B

Fall-Winter
3B

5C

7B
Spring-Summer 

3B 

5C

7B

Fall-Winter

3B

5C

7B
Spring-Summer 

3B 

5C

7B
Fall-Winter

3B

5C

7B

<

<1

< 1
< 1
<1

6.0 
7.0
7.0

10
10
10

7.0 
7.5
8.0

11
10
9.5

4.0 
5.0
5.0

6.0
5.0
6.5

6.7 
7.0
7.9

9.5
8.4
8.7

Near reservoir bottom

<|
<1

< 1
< 1
< 1

7.0 
6.0
8.0

11
11
10

11
8.5

11

13
10
11

3.5 
5.0
7.0

7.0
6.0
6.0

13 
8.6
8.7

13
10
8.0
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Table 8. A comparison of seasonal and spatial differences in trace-element concentrations in Pueblo Reservoir, 
1986 through 1989 -Continued

Constituent Sampling site1
Median concentration2

Near reservoir surface

Spring-Summer

Selenium, dissolved (jig/L) 3B 
5C
7B

Fall-Winter

3B
5C
7B
Spring-Summer

Selenium, total (ng/L) 3B 
5C
7B

Fall-Winter
3B

5C
7B
Spring-Summer

Zinc, dissolved (jig/L) 3B 
5C
7B

Fall- Winter

3B

5C

7B
Spring-Summer

Zinc, total recoverable (jig/L) 3B 
5C
7B

Fall-Winter

3B
5C
7B

2.0 
2.0
3.0

3.0
3.5
4.0

2.0 
2.0
2.5

3.0
3.0
3.0

3.0 
1.9
1.8

3.3
4.3
1.6

10
5.4
8.7

10
10
7.8

Near reservoir bottom

1.5 
2.0
2.0

3.0
3.0
2.5

2.0 
2.0
3.3

3.0
3.0
2.5

2.6 
2.6
4.4

3.7
3.9
3.0

40 
10
10

30
10
10

Sampling site location shown in plate 1. 
2If the constituent contained one or more measurements less than the detection level, then the statistic was estimated using the 

maximum likelihood method of Helsel and Cohn (1988). If more than 85 percent of the measurements for a constituent were less than 
the detection level, the statistic could not be computed.
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nese from the bottom sediments to the water column 
was about 19,700 p,g/m2/day. Because of the small 
number of bottom-sediment samples collected, the spa­ 
tial and temporal variation in iron and manganese flux 
rates could not be evaluated. The estimates for flux 
rates are based upon samples collected during August 
and September, when hypolimnetic dissolved-oxygen 
concentrations were less than 3 mg/L. Flux rates 
during times of well-oxygenated conditions would be 
expected to be less than these estimates. Flux rates of 
iron and manganese may be substantially larger during 
periods of prolonged dissolved-oxygen depletion in the 
hypolimnion. As a result, the bottom sediments repre­ 
sent a substantial source of iron and manganese that 
could be released to the water column under anoxic 
conditions.

Bottom-sediment cores collected at the central 
locations of transects 2 through 7 were analyzed for 
selected trace elements. Data collected from the 0 to 
2-cm core depths and the 4 to 6-cm core depths were 
combined and statistically analyzed. The mean con­ 
centrations of the sediments were compared to the 
upper limit of the 95-percent expected range of trace- 
element concentrations in soils in the Western United 
States (Shacklette and Boerngen, 1984) to determine if 
trace-element concentrations are elevated in the bottom 
sediments of the reservoir (table 9). Mean mercury 
(0.34 M-g/g) and zinc (278 M-g/g) concentrations were 
larger than their baseline values of 0.25 ^ig/g and 
180 M£/g, respectively. Although, the mean lead con­ 
centration (52 M-g/g) was slightly less than the baseline 
value (55 M£/g), 3 of the 11 samples had lead concen­ 
trations greater than the baseline value. Lead, mercury, 
and zinc are common constituents of mine drainage and 
might have been transported to the reservoir from 
upstream sources and concentrated in the reservoir bot­ 
tom sediments (Mueller and others, 1991). No other 
trace elements had elevated concentrations relative to 
the baseline values. Additionally, Callender and others 
(1988) reported that sediment cores from Pueblo Res­ 
ervoir have normalized concentration maxima of cad­ 
mium, copper, lead, and zinc at sediment depths that 
correspond to metal discharges from flooded mine 
workings that occurred in 1983 and 1985 in the 
Leadville area (fig. 1) upstream from the reservoir.

Water-quality standards for aquatic life and pub­ 
lic water supplies were exceeded for several trace ele­ 
ments during the study. Total-recoverable iron 
concentrations near the reservoir bottom exceeded the 
recommended criterion for aquatic life of 1,000 p,g/L 
(U.S. Environmental Protection Agency, 1986) in 11 
samples at site 3B and in 1 sample at site 5C during 
1986 through 1989. All samples that exceeded water-

Table 9. Geochemical baselines for selected trace elements 
in soils in the Western United States and a statistical 
summary of trace-element concentrations in bottom- 
sediment samples collected from Pueblo Reservoir at 
transects 2 through 7, October 1987

[Geochemical baselines are based on data from Shacklette and Boemgen, 
1984; baseline is the upper limit of the expected 95-percent range; all 
values in micrograms per gram]

Pueblo Reservoir samples

Element

Barium
Chromium
Copper
Iron
Lead
Manganese
Mercury
Molybdenum
Nickel
Zinc

Geochem­
ical

baseline

1,700
200
90

80,000
55

15,000
0.25
4

66
180

Num­
ber
of

sam­
ples

12
12
11
11
11
12
12
12
12
12

Mean

555
61
35

32,000
52

774
0.34
2.6

29
278

Stand­
ard devi­

ation

70.4
11.4
7.5

3,800
21

223
0.10
1.0
4.7

104

quality standards for iron were collected from June 
through September. The large iron concentrations 
probably are caused by large concentrations of sedi­ 
ment and iron in the Arkansas River inflow. As previ­ 
ously mentioned in the discussion of turbidity, most 
sediment and constituents sorbed to sediment, settle 
from the water column of the reservoir by about 
transect 4, except when streamflows are relatively 
large. Streamflows were relatively large at the time of 
the July 11, 1986, sample at site 5C that exceeded the 
total-recoverable iron standard. Because of the well- 
oxygenated conditions that typically are present 
upstream from transect 5, it is unlikely that bottom- 
sediment releases contributed to the elevated total- 
recoverable iron concentrations.

Dissolved-manganese concentrations near the 
reservoir bottom exceeded the public water-supply 
standard of 50 ^ig/L (Colorado Department of Health, 
1990) in 14 samples at site 3B, 3 samples at site 5C, and 
in 9 samples at site 7B during 1986 through 1989. The 
large dissolved-manganese concentrations at site 3B 
seem to be because of large dissolved-manganese 
concentrations in the Arkansas River inflow during 
April through mid-September. The large dissolved- 
manganese concentrations at sites 5C and 7B probably 
are caused by low dissolved-oxygen concentrations 
during the summer and early autumn at the reservoir

CHEMICAL CHARACTERISTICS 45



water-sediment interface, which results in the mobili­ 
zation of dissolved manganese from the bottom sedi­ 
ments.

Several samples analyzed for silver and cad­ 
mium exceeded chronic aquatic-life standards (Colo­ 
rado Department of Health, 1990). Because of the lack 
of sensitivity of the analytical techniques for these con­ 
stituents and the large number of analyses that were 
below the detection level for dissolved cadmium and 
silver (table 7), the values that exceeded detection lev­ 
els are suspect. Concentrations of cadmium, lead, and 
silver reported greater than the analytical detection 
level have been regarded as questionable by the Colo­ 
rado Department of Health (written commun., 1989) 
because of a comparison of these data to data analyzed 
by the Colorado Division of Wildlife from samples col­ 
lected from the Arkansas River upstream from Pueblo 
Reservoir. Concentrations of other trace elements were 
less than established water-quality standards for Pueblo 
Reservoir (Colorado Department of Health, 1990).

TOC concentrations of water samples collected 
near the surface and bottom of Pueblo Reservoir from 
1985 through 1987 ranged from 1.8 to 9.9 mg/L. Data 
were divided into two seasons to indicate the seasonal 
effect of streamflow and primary production of algae. 
The median concentrations of TOC throughout the res­ 
ervoir ranged from 3.1 to 4.5 mg/L during May through 
September and from 2.5 to 3.5 mg/L during October 
through April (fig. 15). Concentrations generally 
decreased downstream from the reservoir inflow. The 
decrease probably was caused by settling of POC from 
the water column. TOC concentrations were larger 
during May through September than during October 
through April, probably because: (1) inputs from the 
Arkansas River are larger during May through Septem­ 
ber, and (2) primary production is greater in May 
through September. There was little difference in TOC 
concentrations in samples collected from near the sur­ 
face and near the bottom (fig. 15).

Total Organic Carbon

Total organic carbon (TOC) consists of dissolved 
(DOC) and paniculate organic carbon (POC). Thur- 
man (1986) indicates the average TOC concentration 
for: (1) rivers is about 7 mg/L, (2) oligotrophic lakes is 
2.2 mg/L, and (3) eutrophic lakes is 12 mg/L. The 
majority of organic carbon in lakes is DOC; POC con­ 
tributes only about 10 percent of the TOC in lakes 
(Thurman, 1986).

The TOC concentration in reservoirs can be 
affected by tributary inflows, by algal growth, and by 
carbon recycling within the reservoir (Thurman, 1986). 
During 1985 through 1987, TOC concentrations at 
Arkansas River at Portland (07097000) ranged from 
1.3 to 17 mg/L, and the median concentration was 
4.0 mg/L. The largest TOC concentrations occurred 
from April through August following rapid increases in 
streamflow because of the initial stages of snowmelt 
runoff in the spring and localized runoff associated 
with intense summer rainfall. Both types of runoff pro­ 
duce a flushing effect of interstitial soil water that is 
laden with organic carbon (Thurman, 1986). Organic 
carbon recycling within the reservoir involves: (1) pri­ 
mary production of algal biomass in the euphotic zone, 
(2) decomposition of DOC and POC in the water col­ 
umn, (3) settling of POC from the water column to the 
bottom sediments, and (4) decomposition of POC and 
DOC in the bottom sediments followed by diffusion of 
DOC, carbon dioxide, and methane to the overlying 
hypolimnion. Fall turnover can redistribute organic 
carbon throughout the water column.

Radiochemicals

Water samples were collected periodically in 
1985 through 1987 from Pueblo Reservoir at sites IB, 
3B, and 7B and analyzed for gross-alpha and gross- 
beta radioactivity. The gross-alpha analyses are 
expressed as natural uranium and the gross-beta analy­ 
ses are expressed as cesium-137 and as strontium-90/ 
yttrium-90. The gross-alpha and gross-beta analyses 
are regarded as "a rapid, semiquantitative measure of 
gross-sample activity" (Thatcher and others, 1977). 
Gross-alpha radiation is used as a screening device for 
radium, a naturally occurring radionuclide whose dis­ 
tribution is controlled mainly by the distribution of ura­ 
nium and thorium (Thatcher and others, 1977). Gross- 
beta radiation is used as a screening device for man- 
made radionuclides (U.S. Environmental Protection 
Agency, 1986). The principal sources of naturally 
occurring radioactivity in water are the weathering of 
rocks containing radioactive minerals and the fallout of 
cosmic-ray-produced nuclides. Nuclear weapons test­ 
ing is the principal source of most manmade radioactiv­ 
ity in water (Thatcher and others, 1977).

Concentrations of gross-alpha radiation (as natu­ 
ral uranium) are reported as micrograms per liter in 
table 10, but drinking water standards for radiochemi- 
cal constituents are reported in picocuries per liter. 
Gross-alpha radiation (as natural uranium) is converted 
from micrograms per liter to picocuries per liter by the 
conversion factor 0.68 (Thatcher and others, 1977). It 
is recommended that drinking-water samples with 
gross-alpha activities greater than 5 pCi/L should be
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Figure 15. Total-organic-carbon concentrations in Pueblo Reservoir near the reservoir surface 
and near the reservoir bottom, 1985 through 1987.

analyzed for radium-226 and possibly other radionu- 
clides (U.S. Environmental Protection Agency, 1986). 

Seven of the 31 samples from sites IB, 3B, and 
7B that were analyzed for dissolved gross-alpha radia­ 
tion exceeded 5 pCi/L; thus, additional sampling and 
analyses for radium and other radionuclides may be 
warranted. Six of the seven samples with gross-alpha 
radiation levels exceeding 5 pCi/L were collected at 
site 7B. The median concentration of the gross-alpha 
radioactivity of the dissolved solids (as natural ura­

nium) increased from 3.5 pCi/L (5.2 (Ag/L) at site IB 
to 4.7 pCi/L (6.9 (Ag/L) near the reservoir surface and 
5.4 pCi/L (7.9 ^ig/L) near the reservoir bottom at 
site 7B (table 10). The median concentration of gross- 
alpha radioactivity of the suspended solids (as natural 
uranium) decreased from 3.1 pCi/L (4.5 (Ag/L) at 
site IB to less than 0.3 pCi/L (0.4 (Ag/L) near the sur­ 
face at site 7B (table 10). The decrease in suspended 
gross-alpha radiation in the reservoir indicates that
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Table 10. Statistical summary of radiochemical concentrations in Pueblo Reservoir, 1985 through 1987

[U-nat, natural uranium; ug/L, micrograms per liter; <, less than; ~, insufficient data to compute statistic; Cs-137, cesium 137; pCi/L, picocuries per liter; 
Sr/Yt-90, strontium.yttrium 90]

Constituent

Dissolved gross alpha, as U-nat Qig/L)

Suspended gross alpha, as U-nat (Hg/L)

Dissolved gross beta, as Cs-137 (pCi/L)

Suspended gross beta, as Cs-137 (pCi/L)

Dissolved gross beta, as Sr/Y-90 (pCi/L)

Suspended gross beta, as Sr/Y-90 (pCi/L)

Sampling site1 
and depth 

locale

IB near bottom
3B near surface
3B near bottom

7B near surface
7B near bottom

IB near bottom
3B near surface
3B near bottom
7B near surface
7B near bottom

IB near bottom
3B near surface
3B near bottom
7B near surface
7B near bottom

IB near bottom
3B near surface
3B near bottom
7B near surface
7B near bottom

IB near bottom
3B near surface
3B near bottom
7B near surface
7B near bottom

IB near bottom

3B near surface
3B near bottom

7B near surface
7B near surface

Number 
of 

analyses

5
6
6
6

6

3
4
4
5
5

5
6
6
6
6

3
4
4
5
5

5
6
6
6
6

3
4
4

5
5

Number of 
analyses less 
than detection 

level

0
0
0
0
0

0

3
0
5
3

0
0
0
0
0

0
0
0

3
0

0
0
0
0
0

0
0
0

3
0

Twenty- 
fifth 

percentile

4.2
4.2
4.1
4.2
4.0

.8
<.4

1.8
<.4
~

3.6
3.2
2.7
3.9
3.6

1.2

.43
2.7
<.4

1.1

2.9
2.5
2.3
2.9
2.7

1.1

.43
2.6
<.4
1.1

Median

5.2
5.2
4.8
6.9
7.9

4.5
<.4
4.4
<.4
-

4.7
3.5
5.1
4.3

4.6

4.0
.55

4.2
<.4

1.8

3.8
2.8
4.0

3.4
3.6

3.8
.55

3.9

<.4
1.8

Seventy- 
fifth 

percentile

7.1
6.6
5.4

9.0
9.3

9.2
-

9.5
<.5
-

5.2
4.1
5.6
5.1
5.1

6.2
.90

6.4

.6
2.6

3.9
3.0
4.3
4.0
3.9

5.4
.90

5.6

.65
2.5

Sampling site location shown in plate 1.
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practically all the suspended fraction of gross-alpha 
radiation is removed from the water column because of 
sedimentation. The potential sources of gross-alpha 
radiation in the upper Arkansas River Basin and Pueblo 
Reservoir include the weathering of exposed uranium 
ore deposits and uranium milling operations in the 
Canon City area.

The drinking-water standard for gross-beta 
radiation is 4 mrem/yr (U.S. Environmental Protection 
Agency, 1986). The average annual concentration 
assumed to produce a dose of 4 mrem/yr is 
20,000 pCi/L of tritium or 8 pCi/L of strontium-90. 
Additionally, if the gross-beta particle activity is 
greater than 50 pCi/L, the drinking water should be 
analyzed to determine which other radionuclides are 
present (U.S. Environmental Protection Agency, 
1986). The maximum gross-beta radiation level ana­ 
lyzed in the Pueblo Reservoir samples was 7.1 pCi/L as 
cesium 137, and most samples collected for radio- 
chemical constituents had levels less than this value, 
which indicates gross-beta radiation in the reservoir is 
less than the drinking-water standard. The median dis­ 
solved gross-beta radiation did not vary much between 
transects 1 and 7 (table 10). The median suspended 
gross-beta radiation decreased substantially between 
transects 1 and 7 because of sedimentation (table 10).

BIOLOGICAL CHARACTERISTICS

The biological characteristics discussed in this 
report are chlorophyll a and phytoplankton. The spa­ 
tial and seasonal variations that occur in chlorophyll a 
in Pueblo Reservoir are presented. Phytoplankton den­ 
sities and biovolumes are used to describe the compo­ 
sition of the phytoplankton community, the temporal 
variations of phytoplankton, the seasonal succession 
that occurs in the planktonic community, and the phy­ 
toplankton that are associated with various water- 
quality conditions. Phytoplankton density is the 
number of organisms per unit volume and is used to 
describe qualitative and semiquantitative differentia­ 
tion among species. Phytoplankton biovolumes, 
computed by multiplying the density or number of 
organisms by their cell volume and are used in addition 
to phytoplankton density. Biovolume provides a better 
evaluation of biomass because a great difference in cell 
size occurs among algae (Wetzel, 1983). The cell vol­ 
umes used in this report were based on cell volumes 
available in the literature and generally should approx­ 
imate the mean cell volume (Chadwick and Assoc., 
written cornmun., 1988).

The seasonal and spatial variations in chloro­ 
phyll a are described using data collected from 1985 
through 1987 at six sites, which included 2 winter sam­ 
plings, 3 spring samplings, 10 summer samplings, and

5 fall samplings. Phytoplankton data were collected 
from five sites during 1985 through 1987; additionally,

sites during 1988 and 1989. Seasonal variations in the 
phytoplankton community are described by using phy­ 
toplankton data collected from 1985 through 1987, 
which included 1 winter sampling, 3 spring samplings, 
10 summer samplings, and 5 fall samplings.

Analyses of replicate samples indicate that large 
variations in phytoplankton densities and biovolumes 
are the result of errors associated with sample collec­ 
tion, processing, and analyses. Additionally, samples 
collected concurrently from different depths at the 
same location in Pueblo Reservoir indicate that the 
occurrence and abundance of phytoplankton within the 
reservoir are highly variable over short distances 
(Edelmann and others, 1991) and that phytoplankton 
normally are not randomly distributed in the reservoir. 
Therefore, the subsequent discussions of chlorophyll a 
and phytoplankton are considered semiquantitative.

Chlorophyll a

Chlorophyll a is the primary pigment in plants 
responsible for photosynthesis. Photosynthesis synthe­ 
sizes organic compounds from water and carbon diox­ 
ide by using energy absorbed from sunlight by 
chlorophyll. Light energy is used to convert carbon 
dioxide to reduced carbon compounds (Britton and 
Greeson, 1989). This process can be summarized by

6 CO2 + 6 H2O + light   --> C6H12O6 + 6 O2 .

Therefore, chlorophyll a can be used as a mea­ 
surement of primary productivity and the quantity of 
algae present. Because chlorophyll a concentrations 
can be affected by various environmental and nutri­ 
tional factors without affecting algal biomass (Britton 
and Greeson, 1989), chlorophyll a measurements are 
considered to provide only an approximation of pri­ 
mary productivity and algal biomass. Primary produc­ 
tivity provides an approximation of the rate at which 
new organic matter and oxygen are produced. Small 
rates of primary productivity usually are indicative of 
oligotrophic waters, which contain small nutrient con­ 
centrations and a small algal biomass. Large rates of 
primary productivity usually are indicative of eutrophic 
waters, which contain large nutrient concentrations and 
a large algal biomass. Wetzel (1983) provided a gen­ 
eral range of chlorophyll a concentrations that were 
characteristic of lakes of different trophic states. Wet­ 
zel (1983) indicated that lakes with chlorophyll a con­ 
centrations ranging from 0.3 to 3 (ig/L generally have 
small nutrient concentrations and a small algal bio-
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mass; lakes with chlorophyll a concentrations ranging 
from 2 to 15 H£/L generally have a moderate biomass; 
and lakes with chlorophyll a concentrations ranging 
from 10 to 500 Hg/L generally have large nutrient con­ 
centrations and a large algal biomass.

Chlorophyll a concentrations measured in the 
euphotic zone in the upstream (sites 2B and 3B), mid­ 
dle (sites 4B and 5C), and the downstream (sites 6C 
and 7B) parts of the reservoir are summarized in 
figure 16. During the winter, chlorophyll a concentra­ 
tions in the reservoir ranged from 0 to about 6 (lg/L. 
The median chlorophyll a concentrations decreased 
from about 4 ̂ ig/L in the upstream part of the reservoir 
to about 1 ^ig/L in the downstream part of the reservoir. 
During the spring, chlorophyll a concentrations in the 
reservoir ranged from 0 to about 13 H£/L. The median 
chlorophyll a concentrations decreased from about 
6 H£/L in the upstream part of the reservoir to about 
1.5 Hg/L in the downstream part of the reservoir. Dur­ 
ing the summer, chlorophyll a concentrations in the 
reservoir ranged from less than 1 to about 93 Hg/L. The 
median chlorophyll a concentrations were similar 
(about 4 ng/L) throughout the reservoir. During the 
fall, chlorophyll a concentrations in the reservoir 
ranged from 1 to about 24 ^ig/L. The median chloro­ 
phyll a concentrations decreased from about 9 (ig/L in 
the upstream part of the reservoir to about 2.5 ng/L in 
the downstream part of the reservoir.

The chlorophyll a data indicate that algal pri­ 
mary productivity and biomass tended to be largest in 
the upstream part of the reservoir (sites 2B and 3B) dur­ 
ing the winter, spring, and fall. However, a statistical 
analyses of the data indicated there were no statistically 
significant longitudinal differences (p = 0.05) during 
the winter, spring, or summer. A statistically signifi­ 
cant longitudinal difference (p = 0.05) was detected 
during the fall.

Phytoplankton

Phytoplankton or algae are common and impor­ 
tant inhabitants of surface water. Algae usually consti­ 
tute a substantial source of oxygen in lakes and 
reservoirs, which is essential for sustaining aquatic life 
including fish and other organisms. In addition, oxy­ 
gen is necessary for aerobic decomposition of organic 
matter that helps to prevent foul or septic conditions 
that are common when anaerobic decomposition 
occurs. However, as lakes and reservoirs become 
increasingly fertile, algal biomass increases and, fre­ 
quently, nuisance algae, such as algae that produce 
taste-and-odor problems, become more prolific. Addi­

tionally, the decomposition of excessive algal biomass 
frequently results in substantial oxygen depletion in the 
hypolimnion during stratification.

An empirical evaluation of phytoplankton densi­ 
ties and biovolumes in Pueblo Reservoir indicated that 
there were longitudinal variations in the planktonic 
community between the upstream and downstream 
parts of the reservoir. Phytoplankton densities and bio- 
volumes generally were larger in the upstream part of 
the reservoir (sites 2B and 3B) where phosphorus con­ 
centrations generally were not a limiting nutrient. 
However, the variations in phytoplankton that were 
measured in replicate samples and in samples that were 
collected concurrently from different depths at the 
same location were similar to the longitudinal varia­ 
tions. Additionally, a statistical analysis of the data 
indicated there were no consistent significant longitudi­ 
nal differences. As the result of the large variations in 
phytoplankton densities and biovolumes in replicate 
samples and samples that were collected concurrently 
from different depths at the same location, and the lack 
of significant longitudinal differences, the phytoplank­ 
ton data collected from discrete sites were combined 
and generally are discussed as a composite representa­ 
tion of the phytoplankton community in the reservoir.

Occurrence of Phytoplankton

From 1985 through 1989, about 285 different 
species of phytoplankton ranging in cell volume (size)
from 1 urn3 to more than 170,000 ^im3 were identified 
in Pueblo Reservoir. During this period, the planktonic 
community consisted of about 100 species of Bacillar- 
iophyta (diatoms), about 100 species of Chlorophyta 
(green algae), about 25 species of Chrysophyta 
(golden-brown algae), about 10 species of Cryptophyta 
(cryptomonads), about 30 species of Cyanophyta 
(blue-green algae), about 10 species of Euglenophyta 
(euglenoids), and about 10 species of Pyrrophyta 
(dinoflagellates). The species of diatoms, green algae, 
and golden-brown algae identified in Pueblo Reservoir
generally range in size from 50 to 500 urn3 , although 
species were identified among these phyla that were 
considerably smaller and larger than this range. The 
species of blue-green algae identified in Pueblo Reser­ 
voir are very small and generally range in size from 1
to 50 nm3 and commonly are referred to as nanno- 
plankton; blue-green algae also have been referred to as 
cyanobacteria. The species of cryptomonads, eugle­ 
noids, and dinoflagellates identified in Pueblo Reser­ 
voir generally are greater than 500 ^im3 in size and 
commonly are referred to as macroplankton. Of all the 
species identified in Pueblo Reservoir, the dinoflagel-
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Figure 16. Chlorophyll a concentrations in Pueblo Reservoir near the reservoir surface, 1985 through 
1987.
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lates are the largest; cell sizes generally ranged from 
10,000 to 100,000

Temporal Variation of Phytoplankton

The temporal variations in phytoplankton densi­ 
ties and biovolumes that were measured from samples 
collected from Pueblo Reservoir from 1985 through 
1987 are shown in figure 17. Though the variations in 
amplitude of phytoplankton densities and biovolumes 
are large, some generalizations can be made regarding 
seasonal variations of phytoplankton. Phytoplankton 
densities and biovolumes measured during the winter, 
spring, and fall tended to be smaller than phytoplank­ 
ton densities and biovolumes measured during the 
summer. Most of the phytoplankton densities mea­ 
sured during the winter, spring, and fall ranged from 
about 2,000 to about 8,000 cells/mL. Most of the bio­ 
volumes measured during the winter, spring, and fall
were less than 3,000,000 ̂ m3/mL. Wetzel ( 1 983) asso­ 
ciated biovolumes ranging between 1 ,000,000 and 
3,000,000 (0,m3/mL as being indicative of a small to 
moderate algal biomass. However, there were periods 
during the spring and fall when phytoplankton densi­ 
ties and biovolumes were substantially larger. 
During March 1986, biovolumes of 28,000,000 and
43,000,000 ^m3/mL were measured. Additionally, 
during the fall of 1987, phytoplankton densities were 
substantially larger than the densities measured during 
the fall of 1985 and 1986, indicating large algal blooms 
occur during the fall. The most notable fall bloom was 
during September 1987 when phytoplankton densities 
greater than 100,000 cells/mL and biovolumes of
30,000,000 and 56,000,000 ^im3/mL were measured. 
Wetzel (1983) associated biovolumes greater than 
10,000,000 (0,m3/mL as being indicative of excessive 
algal production and biomass.

Phytoplankton production tended to be largest 
during the summer when temperatures were the 
warmest and nutrient loads were the largest. Phy­ 
toplankton densities generally ranged from 10,000 to 
30,000 cells/mL, and phytoplankton biovolumes gen­
erally ranged from 3,000,000 to 10,000,000 ^m3/mL. 
Wetzel (1983) associated biovolumes ranging between 
3,000,000 and 5,000,000 ^m3/mL as being indicative 
of a moderate to large algal biomass. In addition, the 
biovolume data indicate that excessive algal production
(greater than 10,000,000 (0,m3/mL) periodically occurs 
in Pueblo Reservoir during the summer.

Seasonal Succession of Dominant and Abundant 
Phytoplankton

The seasonal succession of the planktonic com­ 
munity is reasonably constant from year to year as long 
as a reservoir is not perturbed by outside effects, such 
as human-induced changes to the watershed, changes 
in nutrient loading, and sediment loading (Wetzel, 
1983).

The population of algae in the winter for many 
reservoirs commonly is dominated by small and motile 
algae such as Rhodomonas or Cryptomonas (Wetzel, 
1983). During the winter sampling in December 1986, 
the phytoplankton community, as described using cell 
densities (fig. 18), predominately was comprised of 
cryptomonads and diatoms and to a lesser degree, 
green algae and blue-green algae. However, the phy­ 
toplankton biomass, as indicated by biovolumes, was 
most affected by cryptomonads, and a considerably 
smaller biomass contribution was from diatoms and 
dinoflagellates (fig. 18). The dominant algae species 
(species comprising more than 50 percent of a sample 
biomass) during December 1986 were the crypto- 
monad, Cryptomonas erosa, and the diatom, Stephano- 
discus dubius (table 11). Other algae that were 
abundant (algae comprising more than 10 percent of a 
sample biomass) and contributed more than 10 percent 
of the biomass during the winter sampling are summa­ 
rized in table 11.

During the spring, as in many other lakes and res­ 
ervoirs, diatoms generally were the most abundant phy­ 
lum and had the largest biovolumes (fig. 19). Other 
phyla identified in the reservoir generally comprised 
less than 15 percent of the phytoplankton density and 
10 percent of the biovolume. However, there were 
areas sampled in the reservoir that contained a moder­ 
ate abundance of green algae, cryptomonads, and blue- 
green algae. Wetzel (1983) indicates that spring 
blooms commonly are dominated by a few diatoms 
such as Asterionella, Cyclotella, or Stephanodiscus. 
The dominant algae identified in Pueblo Reservoir dur­ 
ing the spring were the diatoms, Asterionella formosa 
and Stephanodiscus niagarae; and the cryptomonad, 
Cryptomonas reflexa (table 11). Other algae that were 
abundant and contributed more than 10 percent of the 
biomass during the spring are summarized in table 11.

During the summer, diatoms and blue-green 
algae generally were the most abundant phyla in 
Pueblo Reservoir (fig. 20). However, as indicated by 
biovolume, diatoms and dinoflagellates contributed 
the most biomass, because of their large cell size 
(fig. 20). The median biovolume for the diatoms was
1,300,000 |0,m3/mL, and the median biovolume for the 

dinoflagellates was 4,100,000 (0,m3/mL. Because of
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their very small cell size, the blue-green algae seldom 
comprised more than a few percent of the biovolume. 
Other phyla generally comprised less than 15 percent 
of the phytoplankton density and less than 10 percent 
of phytoplankton biovolume. However, there were 
occasions where green algae, cryptomonads, and 
euglenoids were abundant.

In many reservoirs, spring diatom blooms fre­ 
quently are followed by a suppression of diatoms dur­ 
ing the summer because of decreasing concentrations 
of silica (Wetzel, 1983) silica is necessary for devel­ 
opment of the cell walls of the diatoms. However, a 
constant supply of silica, typically ranging from 9 to 
12 mg/L (Edelmann, 1988), from the Arkansas River to 
Pueblo Reservoir, may be the reason why a large dia­ 
tom population is maintained in Pueblo Reservoir 
throughout the summer. The dominant algae identified 
in Pueblo Reservoir during the summer are summa­ 
rized in table 11 and include the diatoms, Asterionella 
formosa, Fragilaria crotonensis, Stephanodiscus nia- 
garae, and Synedra radians; the blue-green algae, 
Aphanocapsa delicatissima', the dinoflagellates, Gleno- 
dinium quadridens, Peridinium aciculiferum, and Peri- 
dinium bipes\ and the cryptomonads, Cryptomonas 
marsonii and Rhodomonas minuta. Other algae that 
were abundant and contributed more than 10 percent of 
the biomass of a sample collected during the summer 
are summarized in table 11.

During the fall, blue-green algae generally were 
the most abundant phylum (fig. 21). However, 
dinoflagellates generally contributed the largest bio- 
mass (fig. 21). As during the other seasons, their small 
cell size resulted in the blue-green algae seldom com­ 
prising more than a few percent of the biovolume. Dia­ 
toms generally comprised about 40 percent of the 
phytoplankton biovolume. Other phyla generally com­ 
prised less than 15 percent of the phytoplankton density 
and biovolume. However, there were occasions when 
green algae, golden-brown algae, cryptomonads, and 
euglenoids were abundant or contributed more than 
10 percent of the phytoplankton biomass.

The dominant algae identified in Pueblo Reser­ 
voir during the fall are summarized in table 11 and 
include the blue-green alga, Aphanocapsa elachista; 
the dinoflagellate, Glenodinium quadridens; the dia­ 
toms, Cyclotella ocellata and Melosira granulata\ and 
the cryptomonads, Cryptomonas erosa and Rhodomo­ 
nas minuta. Other algae that were abundant during the 
fall and contributed more than 10 percent of the bio­ 
mass are summarized in table 11.

Comparison of Phytoplankton Data for 1988 and 
1989 with 1985 to 1987

During 1988 and 1989, storage volumes were 
considerably smaller than during 1985 through 1987 
(fig. 2). Phytoplankton data collected during 1988 and 
1989 were compared empirically to phytoplankton data 
collected during 1985 through 1987. The limited phy­ 
toplankton data collected during 1988 and 1989 indi­ 
cate the abundant phylum were similar to the phylum 
that generally were the most abundant from 1985 
through 1987. The data collected during the summer of 
1988 and 1989 indicate that diatoms and blue-green 
algae generally were the most abundant, and diatoms 
and dinoflagellates generally had the largest biovol- 
umes. There also was an abundance of green algae, 
golden-brown algae, and cryptomonads. The phy­ 
toplankton densities and biovolume measured during 
the summer of 1988 and 1989 generally were compara­ 
ble to those measured during the summer from 1985 
through 1987. However, phytoplankton densities mea­ 
sured during August 1988 were considerably larger 
than those measured during August of the other years. 
During August 1988, the phytoplankton density mea­ 
sured at site 3B was 72,000 cells/mL, and at site 7B, the 
density was 75,000 cells/mL. Phytoplankton densities 
measured during August 1985-87 averaged about 
20,000 cells/mL. This apparent anomaly may be, at 
least in part, due to a 30 to 35 percent decrease in the 
theoretical flushing rate during the summer of 1988 as 
compared to the theoretical flushing rates during the 
summers of 1985, 1986, and 1989.

The dominant algae identified during the sum­ 
mer of 1988 and 1989 included the diatoms, Asteri­ 
onella formosa and Fragilaria crotonensis\ the blue- 
green alga, Aphanocapsa elachista; and the dinoflagel­ 
lates, Glenodinium quadridens and Peridinium 
inconspicuum. During the fall of 1989, diatoms, cryp­ 
tomonads and blue-green algae were the phyla that 
generally were the most abundant. Diatoms, crypto­ 
monads, and dinoflagellates had the largest biovol- 
umes. No taxa were dominant in terms of cell density, 
and the only taxa that comprised more than 50 percent 
of the phytoplankton biomass in terms of biovolume 
was the cryptomonad, Cryptomonas erosa.

Relations of Phytoplankton to Water-Quality 
Conditions

Several limnological investigations have been 
devoted to describing the associations of algae to vari­ 
ous water-quality conditions. The diversity of algae is 
large, and most algae have a wide tolerance to a broad 
range of environmental conditions (Greeson, 1982;
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Figure 21. Major phytoplankton group densities and biovolumes in Pueblo Reservoir, fall 1985 through 1987.
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Wetzel, 1983). Therefore, the presence of certain algae 
does not mean that a water-quality problem exists, or 
that these algae will cause a particular water-quality 
problem. However, an abundance or dominance of cer­ 
tain algae are characteristic and occur repeatedly in 
lakes of increasing nutrient enrichment. Therefore, 
certain characteristic algal associations can provide a 
qualitative understanding of the availability of nutri­ 
ents. There were several algae that were in abundance 
in Pueblo Reservoir that predominate in eutrophic 
waters (table 11). These include: the diatoms, Asteri­ 
onellaformosa, Fragilaria crotonensis, and Synedra 
radians', the green algae, Pandorina morum and 
Sphaerocystis schroeteri; and the dinoflagellate, Cera- 
tium hirundinella. Asterionellaformosa was abundant 
in all four seasons. Fragilariacrotonensis was abun­ 
dant during the spring, summer, and fall. Synedra 
radians, Sphaerocystis schroeteri, and Ceratium 
hirundinella were abundant only during the summer. 
Pandorina morum was abundant during the spring and 
summer.

An analyses of the phytoplankton associated 
with taste-and-odor problems was made because the 
reservoir is used as a drinking-water supply, and poten­ 
tial odor problems can adversely affect the aesthetic 
use of the reservoir for recreational purposes. For a 
particular species to cause taste-and-odor problems, it 
generally must be present in sufficient quantities to pro­ 
duce taste-and-odor compounds in large enough quan­ 
tities to produce an offensive taste or odor, or both. 
Palmer (1977), which Mallevialle and Suffet (1987) 
considered to be one of the most comprehensive refer­ 
ences on algal tastes and odors, related the presence of 
taste and odors to the occurrence of either a moderate 
quantity or abundance of a particular genus and spe­ 
cies. However, Palmer did not quantify the terms 
"moderate quantity" or "abundance".

Mallevialle and Suffet (1987) provided a tabula­ 
tion, originally prepared by Seppovaara (1971), of crit­ 
ical threshold densities of selected genera of algae that 
produce odorous metabolites. By using this informa­ 
tion, a comparison was made of the critical threshold 
concentrations provided in Mallevialle and Suffet 
(1987) to the concentrations measured for the corre­ 
sponding genera identified in Pueblo Reservoir. The 
results of this comparison indicate that there were 78 
occurrences among the phytoplankton samples col­ 
lected from Pueblo Reservoir from 1985 through 1989 
that exceeded the critical threshold concentrations 
(table 12). In addition, exceedances occurred during 
each season, which indicates nuisance algae can occur 
in large enough numbers during each season in Pueblo 
Reservoir to produce taste-and-odor metabolites. Dur­ 
ing the winter, the green algae, Eudorina and Pando­

rina; and the cryptomonad, Cryptomonas, were the 
genera that exceeded the critical threshold concentra­ 
tions. During the spring, the genera that exceeded the 
critical threshold concentrations included the green 
alga, Pandorina, and the cryptomonad, Cryptomonas. 
During the summer, the genus that exceeded the critical 
threshold concentrations most frequently was the green 
alga, Pandorina\ other genera exceeding the critical 
threshold concentrations during the summer included 
the green algae, Eudorina and Scenedesmus', the 
golden-brown algae, Mallomonas and Synura', and the 
diatoms, Asterionella and Cyclotella. During the fall, 
the genus that exceeded the critical threshold concen­ 
trations most frequently was, again, the green alga, 
Pandorina', other genera exceeding the critical thresh­ 
old concentrations during the fall included the diatoms, 
Cyclotella and Melosira; and the cryptomonad, Cryp­ 
tomonas. Several of the genera that were identified as 
having critical taste-and-odor threshold concentrations 
include species that have not been associated with 
taste-and-odor problems. Therefore, it is important to 
assess which species among the above mentioned gen­ 
era were present in Pueblo Reservoir in sufficient quan­ 
tities to cause taste-and-odor problems. Three species 
specifically associated with causing taste-and-odor 
problems were present in quantities that exceeded the 
critical threshold concentrations; these algae were 
present in 63 percent of the occurrences exceeding 
taste-and-odor threshold concentrations and include 
the diatom, Asterionellaformosa; the green alga, Pan­ 
dorina morum; and the cryptomonad, Cryptomonas 
erosa.

Asterionella has been described as producing a 
spicy and Geranium odor when present in moderate 
quantities and a fishy odor when present in large quan­ 
tities. Pandorina has been described as producing a 
fishy odor when present in large quantities. Cryptomo­ 
nas has been described as producing a Violet odor 
when present in moderate quantities and producing a 
Violet or fishy odor when present in large quantities. 
During the winter of 1986, Cryptomonas erosa concen­ 
trations exceeded the critical concentration at sites 2B 
and 5C. During the spring of 1987, Pandorina morum 
exceeded the critical concentration at multiple sites. 
During the summers of 1985-89, Pandorina morum 
exceeded the critical concentration at various sites; in 
addition, Asterionellaformosa exceeded the critical 
concentration at various reservoir sites during the sum­ 
mers of 1986-88. During the fall of 1986 and 1987, 
Cryptomonas erosa exceeded the critical concentration 
at site 2B; additionally, Pandorina morum exceeded 
the critical concentration at sites 2B, 3B, and 5C during 
the fall of 1987 and, during the fall of 1989, Pandorina 
morum exceeded the critical concentration at site 3B.
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Table 12. Occurrence of phytoplankton in Pueblo Reservoir that exceed the critical taste-and-odor threshold 
concentrations, 1985-89

[cells/mL, cells per milliliter; sp., species are distinguishable but not identifiable]

Sampling 
site1

2B
5C
5C
6C

2B
3B
3B
5C
5C
6C

2B
2B
2B
2B
2B
3B
3B
3B
3B
3B
3B
3B
3B
3B
3B
3B
3B
3B
3B
3B
3B
3B
3B
5C
5C
5C
5C
5C
5C
5C

Date of 
sample

12/02/86
12/03/86
12/03/86
12/04/86

03/11/87
03/24/86
03/12/87
03/26/86
04/16/87
04/16/87

07/15/85
07/15/85
08/15/85
08/20/86
08/20/86
07/16/85
07/16/85
08/19/85
08/19/85
06/24/86
06/24/86
06/24/86
08/22/86
05/12/87
05/12/87
06/10/87
06/10/87
07/15/87
07/15/87
07/15/87
08/11/87
08/11/87
06/27/89
06/25/86
05/15/87
06/11/87
07/16/87
07/16/87
07/16/87
08/13/87

Phylum

CRYPTOPHYTA
CHLOROPHYTA
CRYPTOPHYTA
CHLOROPHYTA

CHLOROPHYTA
CRYPTOPHYTA
CHLOROPHYTA
CRYPTOPHYTA
CHLOROPHYTA
CHLOROPHYTA

BACILLAR1OPHYTA
CHRYSOPHYTA
CHRYSOPHYTA
BACILLAR1OPHYTA
CHLOROPHYTA
BACILLAR1OPHYTA
CHLOROPHYTA
CHLOROPHYTA
CHLOROPHYTA
CHLOROPHYTA
CHLOROPHYTA
CHLOROPHYTA
CHLOROPHYTA
CHLOROPHYTA
CHLOROPHYTA
BACILLAR1OPHYTA
CHLOROPHYTA
CHLOROPHYTA
CHLOROPHYTA
CHLOROPHYTA
CHLOROPHYTA

CHLOROPHYTA
CHLOROPHYTA
CHLOROPHYTA
CHLOROPHYTA
BACILLAR1OPHYTA
CHLOROPHYTA
CHLOROPHYTA
CHLOROPHYTA
CHLOROPHYTA

Genus

Winter

Cryptomonas

Pandorina

Cryptomonas

Eudorina
Spring

Pandorina

Cryptomonas

Pandorina

Cryptomonas

Pandorina

Pandorina
Summer

Cyclotella

Mallomonas

Synura

Cyclotella

Pandorina

Cyclotella

Pandorina

Pandorina

Scenedesmus

Eudorina

Pandorina

Pandorina

Pandorina

Pandorina

Pandorina

Asterionella

Pandorina

Eudorina

Pandorina

Pandorina

Pandorina

Pandorina

Pandorina

Eudorina

Pandorina

Asterionella

Eudorina

Pandorina

Pandorina

Pandorina

Species

erosa

sp.

erosa

elegans

morum

reflexa

morum

reflexa

morum

morum

stelligera

sp.

sp.

stelligera

charkowiensis

stelligera

morum

morum

serratus

elegans

charkowiensis

morum

charkowiensis

morum

morum

formosa

morum

elegans

morum

morum

morum

morum

morum

elegans

morum

formosa

elegans

morum

morum

morum

Phytoplankton 
density 

(cells/mL)

4,100
230

2,000
230

710
2,900

260
2,300

970
740

4,300
570
450

4,300
3,200
7,300

680
680

1,900
1,800

910
680
570
570
230

3,100
970
110
910
430
340
450
620
280
620

11,000
230
330
910
680

Percent 
of 

threshold2

340
110
170
280

360
240
130
190
480
370

200
130

4,500
190

1,600
330
340
340
130

2,300
460
340
290
280
110
100
480
140
460
210
170
230
310
360
310
370
280
160
460
340
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Table 12. Occurrence of phytoplankton in Pueblo Reservoir that exceed the critical taste-and-odor threshold 
concentrations, 1985-89 -Continued

Sampling 
site1

Date of 
sample Phylum Genus Species

Phytoplankton 
density 

(cells/mL)

Percent 
of 

threshold2

Summer-Continued

6C
6C
6C
6C
6C
6C
7B
7B
7B
7B
7B
7B
7B
7B
7B
7B
7B
7B
7B

2B
2B
2B
2B
2B
2B
2B
2B
2B
3B
3B
3B
3B

3B
3B
3B
3B
5C
5C

05/22/86
07/11/86
07/11/86
05/18/87
06/11/87
07/16/87
08/25/86
05/19/87
06/12/87
07/13/88
07/13/88
06/12/87
06/12/87
06/12/87
07/17/87
07/17/87
07/17/87
07/17/87
07/17/87

09/24/85
09/24/85
10/23/85
10/22/86

10/22/86
09/15/87
09/15/87
09/15/87
10/20/87
09/24/85
10/23/85
09/15/87
09/15/87

09/15/87
09/15/87
10/21/87
09/27/89
10/23/86
09/16/87

BACILLARIOPHYTA
BACILLARIOPHYTA
CHLOROPHYTA
CHLOROPHYTA
BACILLARIOPHYTA
CHLOROPHYTA
CHLOROPHYTA
CHLOROPHYTA
BACILLARIOPHYTA
BACILLARIOPHYTA
CHLOROPHYTA
BACILLARIOPHYTA
BACILLARIOPHYTA
BACILLARIOPHYTA
CHLOROPHYTA
CHLOROPHYTA
CHLOROPHYTA
CHLOROPHYTA
CHLOROPHYTA

BACILLARIOPHYTA
BACILLARIOPHYTA
BACILLARIOPHYTA
CHLOROPHYTA

CRYPTOPHYTA
BACILLARIOPHYTA
CHLOROPHYTA
CRYPTOPHYTA
CRYPTOPHYTA
CHLOROPHYTA
BACILLARIOPHYTA
CHLOROPHYTA
CHLOROPHYTA

CHLOROPHYTA
CHLOROPHYTA
CHLOROPHYTA
CHLOROPHYTA
CHLOROPHYTA
CHLOROPHYTA

Asterionella
Asterionella
Pandorina
Pandorina
Asterionella
Pandorina
Pandorina
Pandorina
Asterionella
Asterionella
Pandorina
Asterionella
Asterionella
Asterionella
Eudorina
Pandorina
Pandorina
Pandorina
Pandorina

Fall
Cyclotella
Melosira
Melosira

Pandorina

Cryptomonas
Melosira
Pandorina
Cryptomonas
Cryptomonas
Pandorina
Melosira
Pandorina
Pandorina

Pandorina
Pandorina
Pandorina
Pandorina
Pandorina
Pandorina

formosa
formosa
charkowiensis
morum
formosa
morum
charkowiensis
morum
formosa
formosa
morum
formosa
formosa
formosa
elegans
morum
morum
morum
morum

ocellata
sp.

sp.

charkowiensis

erosa
sp.

morum
marsonii
erosa
charkowiensis
sp.

morum
morum

morum
morum
morum
morum
charkowiensis
morum

3,500
3,200

680
510

15,000
450
230

1,400
18,000
5,300

410
22,000
22,000

8,500
170
450

1,200
2,700

230

6,100
3,900
8,600

910

2,300
2,600
1,800
1,500

32,000
1,400

11,000
1,500
3,600
1,400

450
910
390
280
230

120
110
340
260
500
230
110
720
580
180
200
730
740
280
210
230
620

1,400
110

280
150
340
460

190
100
910
120

2,600
680
450
740

1,800

680
230
460
200
140
110

Sampling site location shown in plate 1. 
Computed by using data from Mallevialle and Suffet (1987).
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Other potential biological sources of taste-and- 
odor problems in Pueblo Reservoir could include per- 
iphyton (algae that are attached to the reservoir walls), 
decomposition of algae that can cause taste and odors 
by cell lysis and by providing dead biomass to support 
bacterial growth, actinomycetes (a bacteria), protozo­ 
ans, and fungi (Mallevialle and Suffet, 1987).

WATER QUALITY AND RESERVOIR- 
OPERATION CONSIDERATIONS

Maintaining the quality of water in Pueblo Res­ 
ervoir is important in maximizing the various uses of 
the reservoir. The quality of water in the reservoir is 
the result of the quality of inflowing water and the 
physical, chemical, and biological processes in the res­ 
ervoir. In addition, reservoir operations and hydrody­ 
namics can substantially affect processes that affect 
reservoir water quality. Active management of the 
reservoir for water-quality purposes requires an under­ 
standing of how reservoir operations and hydrodynam­ 
ics and changes in the watershed may affect water 
quality. This section of the report provides a conceptu­ 
alization of how residence times, stratification, under­ 
flow, hypolimnetic withdrawals, and changes in 
nutrient, metal, and sediment inputs to the reservoir 
may affect the quality of water in the reservoir.

Historically, the annual volume of water that 
passes through Pueblo Reservoir has been greater than 
the volume of water stored in the reservoir, which 
results in relatively short residence times. On the aver­ 
age between 1985 and 1989, the reservoir volume has 
been exchanged once between September through 
April. Additionally, large reservoir releases, thermal 
stratification, and predominant underflow of the Arkan­ 
sas River inflow during the summer have resulted in 
residence times for portions of water in the reservoir to 
be as short as a month. Between May and August, an 
average volume equivalent to two reservoir volumes 
have been exchanged, which indicates large flushing 
rates during the summer in Pueblo Reservoir.

Because of mixing, the quality of water through­ 
out almost the entire reservoir is similar from October 
through March. However, stratification, underflow, 
and hypolimnetic withdrawals affect concentrations of 
dissolved solids, availability of nutrients, and concen­ 
trations of metals in the reservoir from May through 
August. Stratification impedes the mixing of the epil- 
imnetic and hypolimnetic waters, and the prevalent 
underflow that occurs during the summer results in a 
decrease in potential dilution of inflowing river water 
with reservoir water. Underflow decreases the maxi­ 
mum available nutrient load to the euphotic zone that 
can, in turn, offset the maximum algal growth potential.

As summer progresses, concentrations of dissolved 
solids, nutrients, and selected metals increase in the 
hypolimnion because of their higher concentrations in 
the inflowing river water and because of releases of 
substances from the oxygen-deficient bottom sedi­ 
ments. The increase in dissolved solids, nutrients, and 
metals in the hypolimnion during the summer partially 
is offset by hypolimnetic withdrawals. During the 
summer, the large withdrawals from the river outlets, 
which are located in the hypolimnion, result in the 
flushing of dissolved solids, nutrients, and metals from 
much of the hypolimnion. The large hypolimnetic 
withdrawals also can result in a diminished nutrient 
load from the hypolimnetic waters to the euphotic zone 
during fall turnover and assist reservoir mixing at the 
dam in late August to mid-September.

Potential in-basin contaminants include dis­ 
solved solids, major nutrients, and trace elements that 
are associated primarily with land and water use and 
hydrogeological processes in the watershed. Changes 
to the watershed that result in changes in dissolved- 
solids concentrations and nutrient, metal, and sediment 
inputs to Pueblo Reservoir could affect the reservoir 
and its long-term usability.

The dissolved-solids concentrations of water at 
station 07099400, Arkansas River above Pueblo, has 
exceeded the Secondary Maximum Contaminant Level 
of 500 mg/L about 10 percent of the time (Cain, 1987). 
Doug Cain (U.S. Geological Survey, written commun., 
1987) also estimated that an average increase in 
dissolved-solids concentrations of about 100 mg/L 
would cause this standard to be exceeded from 30 to 
40 percent of the time. Increases in wastewater dis­ 
charges, irrigation-return flows, saline ground-water 
inflows, decreases in streamflow, or increases in evap­ 
oration could result in more frequent occurrences of 
concentrations in excess of 500 mg/L, which could 
impair the use of the reservoir as a water supply.

Currently, nitrogen and phosphorus inputs to the 
reservoir generally are large enough to sustain a small 
to moderate algal biomass during the winter, spring, 
and fall; during the summer, sufficient nutrients are 
available to sustain a moderate to large algal biomass. 
Additionally, excessive algal biomass periodically has 
been measured during the spring, summer, and fall. A 
decrease in nutrient inputs, especially phosphorus, 
could: (1) decrease algal biomass and productivity; 
(2) decrease the availability of organic matter for 
decomposition, resulting in a decrease in the occur­ 
rence and extent of the oxygen deficit in the hypolim­ 
nion; and (3) minimize reducing conditions at the 
reservoir water-sediment interface, resulting in dimin­ 
ished releases of nutrients and metals from bottom sed­ 
iments. Conversely, an increase in nutrient inputs,
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especially phosphorus, could: (1) increase algal bio- 
mass and productivity; (2) increase the availability of 
organic matter for decomposition, resulting in an 
increase in the occurrence and extent of the oxygen 
deficit in the hypolimnion; and (3) increase reducing 
conditions at the reservoir water-sediment interface, 
resulting in increased releases of nutrients and metals 
from bottom sediments.

Several Federal and State agencies expect the 
remediation of metal-mine discharges in the Leadville 
area to result in substantially reduced metal concentra­ 
tions and loads in the upper basin. However, because 
substantial concentrations of selected metals are 
present now in the bottom sediments of Pueblo Reser­ 
voir, remediation of mine drainage would not be 
expected to result in a change in metal releases from 
bottom sediments. The metal fluxes from the reservoir 
sediments will be affected mostly by reducing condi­ 
tions and sedimentation (burial) rates of new sedi­ 
ments.

Effective watershed management also can 
decrease the disturbance of soil and subsequent erosion 
and transport of sediments to the reservoir. Maintain­ 
ing good vegetative cover in the basin and around the 
reservoir helps to prevent excessive erosion of the 
watershed. The Bureau of Land Management and 
other Federal, State, and private entities have been 
implementing erosional control measures in areas of 
the upper Arkansas River Basin. Efforts such as these 
to offset the overgrazing that has occurred in the basin 
might result in decreasing sediment inputs to the reser­ 
voir which could: (1) increase the aesthetic value of the 
reservoir; (2) increase light availability for algal 
growth and, in turn, increase algal biomass; and 
(3) decrease sedimentation rates within the reservoir 
which, in turn, could increase the diffusion rate of sub­ 
stances being released from the bottom sediments. 
Conversely, increases in sedimentation rates could: 
(1) decrease the available storage volume in the reser­ 
voir, and (2) decrease the diffusion rate of substances 
being released from bottom sediments.

The occurrence and abundance of taste-and- 
odor-causing algae, the large algal biomass in the res­ 
ervoir, and the dissolved-oxygen depletion in the 
hypolimnion of the reservoir during the summer indi­ 
cate that active reservoir-basin planning, management, 
and water-quality control is important in continuing to 
maximize the various uses of the reservoir. Although it 
is not possible to quantitatively predict the benefits of 
various management plans on the quality of water in 
the reservoir, it is important to be aware of the benefits 
of maintaining short residence times, maximizing 
flushing rates, and minimizing phosphorus inputs to the 
reservoir. It is also important to continue to monitor the

water quality of the reservoir and its inflow and outflow 
because the effects of changes in reservoir operations 
or watershed conditions cannot be quantitatively pre­ 
dicted.

SUMMARY

Pueblo Reservoir is a multipurpose, main-stem 
reservoir constructed on the Arkansas River about 6 mi 
west of Pueblo. The reservoir is a municipal water sup­ 
ply to the cities of Pueblo and Pueblo West, the primary 
water supply to St. Charles Mesa, and supplements the 
water supplies of Colorado Springs, Stratmoor Hills, 
Security, Widefield, and Fountain. At the top of the 
conservation pool, the reservoir surface elevation is 
about 4,880 ft, the reservoir is more than 9 mi long and 
ranges in depth from a few feet at the inflow to about 
155 ft at the dam. Pueblo Reservoir derives almost all 
of its contents from the Arkansas River, which com­ 
prises native and transmountain flow.

During 1985 through 1989, a consistent annual 
pattern of thermal stratification and mixing was 
observed in Pueblo Reservoir. The reservoir typically 
was well mixed in the early spring and gradually 
became strongly stratified by May. Strong thermal 
stratification persisted in the reservoir before being dis­ 
rupted by surface cooling and the subsequent fall turn­ 
over in August and September. During May through 
September, inflow from the Arkansas River entered 
primarily as interflow and underflow. Weak thermal 
stratification to well-mixed conditions were observed 
from late fall through the winter and into early spring.

Hydraulic residence times ranged from several 
weeks to several months. Residence times were as 
short as about 30 days during periods of strong thermal 
stratification and large streamflows from the Arkansas 
River. This condition typically occurred in June and 
July and resulted from underflow of the Arkansas River 
short-circuiting parts of the reservoir before being dis­ 
charged at the dam.

Water transparency, as measured with a Secchi 
disk, varied spatially and seasonally. Secchi-disk 
depths increased in a downstream direction from the 
reservoir inflow. The increase probably was a result of 
much of the inflow sediment load settling from the 
water column in the upstream part of the reservoir. 
Secchi-disk depths were largest from December 
through April, when inflow sediment loads and reser­ 
voir biomass levels were at a minimum. The maximum 
Secchi-disk depth of 9.75 m occurred in March 1986 at 
transect 7. Secchi-disk depths decreased between May 
through August as inflow sediment loads and reservoir 
biomass increased. During this period, Secchi-disk 
depths ranged from 2 to 4 m. In the fall, Secchi-disk 
depths remained small (2-3 m); possibly as a result of

66 Physical, Chemical, and Biological Characteristics of Pueblo Reservoir, Colorado, 1985-89



the resuspension of sediment and detritus within the 
water column during fall turnover.

Turbidity measurements were used as a semi- 
quantitative method of evaluating the distribution and 
transport of paniculate matter that is input from the 
river into the reservoir. Turbidity measurements indi­ 
cate most of the particulate matter settles from the res­ 
ervoir water column within 5 mi of the point where the 
Arkansas River enters the reservoir. Some particulate 
matter was transported through the entire reservoir dur­ 
ing the summer when the reservoir was strongly strati­ 
fied and streamflow in the Arkansas River was large 
and entering the reservoir as underflow.

Dissolved-oxygen concentrations near the reser­ 
voir surface generally were near saturation or supersat­ 
urated throughout the year. During the summer, 
dissolved-oxygen concentrations decreased with 
increasing depth. Anoxic conditions were measured on 
four occasions in 1986 through 1989. The most exten­ 
sive period of anoxia was in August 1988 and occurred 
at sites nearest the dam, when the bottom 12 ft of 
site 6C and the bottom 30 feet of site 7B were com­ 
pletely anoxic. Fall turnover typically redistributed 
dissolved oxygen throughout the water column and 
resulted in well-oxygenated conditions throughout the 
reservoir from September or October through the 
spring. The pH of water in the reservoir typically 
ranged from 7.5 to 9.0. Values of pH vary in the reser­ 
voir because of photosynthesis by phytoplankton in the 
epilimnion and plant and animal respiration in the met- 
alimnion and hypolimnion. Generally, pH values were 
largest near the reservoir surface and decreased with 
increasing depth.

Calcium, sulfate, and bicarbonate are the major 
dissolved constituents in Pueblo Reservoir. Dissolved- 
solids concentrations in the reservoir primarily are 
affected by dissolved-solids concentrations in the 
inflow from the Arkansas River. Concentrations in the 
reservoir are smallest in May through August, when 
streamflows are large and concentrations are small in 
the Arkansas River. Concentrations in the reservoir 
increase in September through April, as streamflows 
decrease and concentrations in the Arkansas River 
increase. During 1986 through 1987, the median 
dissolved-solids concentrations at the reservoir inflow 
and outflow were 224 and 262 mg/L, respectively. A 
statistical analysis of dissolved-solids concentrations 
indicated the apparent increase in dissolved-solids con­ 
centrations between the inflow and outflow was not sig­ 
nificantly different.

Concentrations of the major nutrients, nitrogen 
and phosphorus, varied within the reservoir. The pro­ 
cesses that most likely affect nutrient distribution are 
uptake by phytoplankton near the surface, sedimenta­

tion of particulate matter, and nutrient flux from the 
bottom sediments to the water column. In 1986 
through 1989, the median dissolved inorganic nitrogen 
concentration ranged from 0.07 to 0.30 mg/L in May 
through September and from 0.17 to 0.24 mg/L in 
October through April. Concentrations were smaller 
near the surface than near the bottom in May through 
September, but in October through April, concentra­ 
tions did not vary much between the surface and bot­ 
tom. Concentrations varied only slightly between the 
reservoir inflow and outflow. The median concentra­ 
tion of total phosphorus ranged from 0.015 to 
0.053 mg/L in May through September and from 
0.012 to 0.039 mg/L in October through April. Total 
phosphorus concentrations typically were larger near 
the reservoir bottom than near the reservoir surface, 
probably because of settling of particulate matter, 
underflow of the Arkansas River inflow, and releases 
from the bottom sediments. A substantial decrease in 
dissolved-orthophosphorus concentrations near the 
reservoir surface between the inflow and outflow indi­ 
cates phosphorus uptake by phytoplankton may con­ 
tribute substantially to the overall decrease in total 
phosphorus concentrations in the reservoir. An analy­ 
sis of nutrient loads in the reservoir inflow and outflow 
indicates the reservoir retained about 35 percent 
(359 tons) of the total nitrogen load and about 83 per­ 
cent (203 tons) of the total phosphorus load for 1986 
and 1987. An analysis of nutrient flux rates from the 
reservoir bottom sediments to the water column indi­ 
cates nutrient flux may contribute significant nitrogen 
and phosphorus loads to the reservoir. The mean flux
rate for inorganic nitrogen was about 30 mg/m2/day. 
The mean flux rate for inorganic phosphorus was about

^0.44 mg/m /day. Absolute concentrations of biologi­ 
cally available nitrogen and phosphorus near the reser­ 
voir surface and their mass ratios were evaluated to 
determine which nutrient, if any, was present at 
growth-limiting levels for phytoplankton. None of the 
32 samples analyzed for dissolved inorganic nitrogen 
had concentrations less than the growth-limiting level 
for phytoplankton (0.020 mg/L). Of the samples col­ 
lected and analyzed for dissolved orthophosphorus, 
36 percent of the samples at site 3B in the upstream and 
of the reservoir, 73 percent of the samples at site 5C 
near the middle of the reservoir, and 64 percent of the 
samples at site 7B near the dam had concentrations less 
than or equal to that which limits phytoplankton growth 
(0.010 mg/L). Twenty-eight of the 32 samples col­ 
lected and analyzed for mass ratios of biologically 
available nitrogen and phosphorus (N:P) had N:P val­ 
ues greater than 8, a level that indicates phosphorus 
may be a limiting nutrient to phytoplankton growth.
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Barium, iron, manganese, and zinc are the trace 
elements that occurred in the largest concentrations in 
water samples collected from Pueblo Reservoir. Trace- 
element concentrations in Pueblo Reservoir vary pri­ 
marily because of: (1) seasonality of trace-element 
concentrations in the Arkansas River, (2) settling of 
paniculate matter, and (3) flux of trace elements from 
the reservoir bottom sediments. The flux of iron and 
manganese from bottom sediments can contribute sub­ 
stantial loads to the reservoir. Flux rates for iron and 
manganese were estimated to equal about 18,700 and
19,700 ng/m2/day, respectively, during periods of low 
dissolved-oxygen concentrations. Depending on the 
stratification and mixing conditions present at the time, 
the trace elements released from the bottom sediments 
may be released at the dam, distributed throughout the 
water column, or resettle to the bottom sediments. The 
recommended aquatic-life criteria for total-recoverable 
iron (1,000 jig/L) and the public water-supply standard 
for dissolved-manganese concentrations (50 jig/L) 
were exceeded on several occasions during the sum­ 
mer. Elevated concentrations of total-recoverable iron 
and dissolved manganese in the Arkansas River during 
summer runoff contributed to the exceedances in the 
upper part of the reservoir, and flux of manganese from 
bottom sediments during periods of low or depleted 
dissolved-oxygen concentrations contributed to 
exceedances in the deeper, downstream part of the res­ 
ervoir. Bottom-sediment samples analyzed for trace 
elements indicate lead, mercury, and zinc concentra­ 
tions in the bottom sediments are elevated relative to 
geochemical baselines for soils in the Western United 
States. Lead, mercury, and zinc are common constitu­ 
ents in mine drainage and may have been transported 
from mined areas in the upper Arkansas River Basin 
and concentrated in the bottom sediments.

In Pueblo Reservoir, median concentrations 
of total organic carbon (TOC) ranged from 3.1 to 
4.5 mg/L in May through September and from 2.5 to 
3.5 mg/L in October through April. Concentrations 
typically decreased downstream from the reservoir 
inflow because of settling of particulate organic carbon 
(POC). The seasonal variability is caused by larger 
TOC concentrations in the Arkansas River inflow dur­ 
ing spring and summer runoff and increased rates of 
primary productivity within the reservoir during the 
summer.

Seven of the 31 water samples collected from 
Pueblo Reservoir and analyzed for gross-alpha radioac­ 
tivity of dissolved solids exceeded 5 pCi/L (as natural 
uranium), the level at which additional radionuclide 
analyses are recommended for drinking-water sup­ 
plies. Median gross-alpha radioactivity of dissolved 
solids increased from 5.2 ^g/L (as natural uranium) at

site 1B in the upstream end of the reservoir to 6.9 M-g/L 
near the surface and 7.9 jig/L near the bottom at site 7B 
nearest the dam. Gross-alpha radioactivity of the sus­ 
pended solids decreased from 4.5 jig/L (as natural ura­ 
nium) at site 1B in the upstream end of the reservoir to 
less than 0.4 jig/L at site 7B nearest the dam. Settling 
of particulate matter probably contributed to the 
decrease in suspended gross-alpha radiation. Potential 
sources of gross-alpha radiation in Pueblo Reservoir 
include the weathering of exposed uranium ore depos­ 
its in the upper Arkansas River Basin and uranium 
milling operations near Canon City.

Biological data collected from Pueblo Reservoir, 
which included chlorophyll a and phytoplankton densi­ 
ties and biovolumes, indicate phytoplankton distribu­ 
tion varies seasonally and spatially. During the winter, 
the median chlorophyll a concentrations decreased 
from about 4 ^ig/L in the upstream part of the reservoir 
to about 1 ng/L in the downstream part of the reservoir. 
During the spring, the median chlorophyll a concentra­ 
tions decreased from about 6 ^g/L in the upstream part 
of the reservoir to about 1.5 H-g/L in the downstream 
part of the reservoir. During the summer, the median 
chlorophyll a concentrations were similar (about 
4 ng/L) throughout the reservoir. During the fall, the 
median chlorophyll a concentrations decreased from 
about 9 ng/L in the upstream part of the reservoir to 
about 2.5 ng/L in the downstream part of the reservoir. 
Although chlorophyll a concentrations tended to be 
larger in the upstream part of the reservoir during the 
winter, spring, and fall, a statistically significant longi­ 
tudinal difference was detected only during the fall.

Phytoplankton densities and biovolumes mea­ 
sured during the winter, spring, and fall generally were 
indicative of a small to moderate algal biomass. Phy­ 
toplankton production tended to be largest during the 
summer. During the summer, phytoplankton densities 
and biovolumes generally were indicative of a moder­ 
ate to large algal biomass. However, excessive algal 
production and biomass periodically occurred during 
the spring, summer, and fall. Three species of phy­ 
toplankton that are specifically associated with taste- 
and-odor problems in drinking water were identified on 
several occasions in water samples collected from 
Pueblo Reservoir.

Reservoir operations and hydrodynamics can 
substantially affect processes that affect reservoir water 
quality. Stratification, underflow, and hypolimnetic 
withdrawals affect concentrations of dissolved solids, 
availability of nutrients, and concentrations of metals 
in the reservoir. Stratification impedes the mixing of 
epilimnetic and hypolimnetic waters, and the prevalent 
underflow that occurs during the summer results in a
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decrease in the potential dilution of inflowing river 
water with reservoir water. The underflow also 
decreases the maximum available nutrient load to the 
euphotic zone that can, in turn, offset the maximum 
algal growth potential. Increased dissolved-solids, 
nutrient, and metal concentrations that occur in the 
hypolimnion during the summer are partially offset by 
hypolimnetic withdrawals.
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